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Abstract
Considering the declining non-renewable fossil resources, there is increasing interest in the
development of more environmentally conscious, sustainable and cost-effective substitutes
for chemical production. Lignin, a main component in lignocellulosic biomass, has been
considered to be a potential substitute for petroleum-based phenol due to its phenolic
structure.
This PhD dissertation aimed at producing bio-based phenol formaldehyde (BPF) foams using
bio-phenols, including but not limited to, kraft lignin (KL), organosolv lignin (OL),
hydrolysis lignin (HL), and bio-crude oil from white birth bark. The challenge of the existing
process of producing BPF foams is that a low phenol substitution ratio, generally less than
30%, can be achieved due to much lower reactivity of bio-phenols compared with phenol.
The use of conventional foaming technology was considered as the main reason for the low
phenol substitution ratio in the production of BPF foams. Therefore, a novel foaming
technology was developed for the production of BPF foams with high phenol substitution
ratios of up to 50%, taking into account both fundamental foaming principle and
characteristics of BPF resoles.
KL and OL were used as petroleum-based phenol substitutes without any pretreatments for
BPF foam production. The optimal composition of the blowing agent was found to be (5 wt.%
hexanes + 5 wt.% pentane) for the 50% BPF foams, (7.5 wt.% hexanes + 2.5 wt.% pentane)
for the 40% BPF foams, 10 wt.% hexanes for the 30% BPF foams. The results of cone
calorimeter and limiting oxygen index (LOI) tests suggested that substituting phenol with
lignin does not impact significantly on the combustion properties of the PF foams. Being
even better, the introduction of KL in the PF foam could reduce the emission of toxic CO
during the combustion.
HL was de-polymerized by a proprietary low-temperature/no pressure de-polymerization
process for the preparation of de-polymerized hydrolysis lignin (DHL) with Mn of 638 g/mol,
Mw of 1910 g/mol, and PDI of 2.99. Then the DHL was utilized as a phenol substitute for the
synthesis of foamable BPF resole resins, followed by employing the above mentioned new
modified foaming technology for BPF foam production. White birch bark was

hydrothermally liquefied in ethanol-water (1:1, w/w) mixture into phenolic bio-crude oil,
followed by production of foamable BPF resoles and then BPF foams.
All BPF foams produced exhibited low apparent density, strong compressive strength, low
thermal conductivity, and satisfactory closed cell structure, all of which were comparable to
conventional PF foams. The new foaming technology demonstrated to be promising for
industrial applications, which reduced the use of both petroleum-based phenol and toxic
formaldehyde by up to 50% in the preparation of BPF foams. The utilization of lignin for
manufacturing of value-added bio-based materials could not only produce high-value biobased PF foams as promising insulation and fire-retarding materials, but also greatly benefit
the forestry and agriculture sectors with additional revenue streams.

Keywords
Bio-based phenol formaldehyde (BPF) foams, new foaming technology, white birth bark,
kraft lignin, organosolv lignin, hydrolysis lignin, depolymerization, thermal insulation,
bubble formation, hydrothermal liquefaction, flame retardancy.
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Chapter 1

1

Introduction

1.1 Polymeric foam
The word “foam” is derived from the medieval German word veim for “froth” and refers
to spherical gaseous voids dispersed in a dense continuum [1]. Diverse artificial foamed
products exist everywhere in the world, such as seat cushions, life jackets, knee
protectors, insulation panels and floral foams. Polymeric foams possess unique physical,
mechanical, and thermal properties that depend on the polymer matrix, the cellular
structure and the gas composition. These unique properties have fueled rapidly growing
global production of polymeric foams. North America and Japan are the leading
producers and consumers of foams, followed by Latin America and Asian countries, such
as Brazil, Argentina, China and India [2].
Polymeric foams consist of a minimum of two phases, a solid polymer matrix and a gas.
Other solid phases can be present in the foams, such as glass, ceramic or lignocellulosic
fibers, metal particles, or natural polymer. The foaming methodology plays a vital role in
constructing a foam system where solid and gaseous phases can exist uniformly together.
It consists of three main steps: 1) introducing a gaseous phase precursor into a liquid
phase; 2) foaming the gas to form emulsion; 3) solidifying the liquid phase to stabilize
the emulsion before gaseous bubbles condense or collapse back to a liquid state [1].
Foams can be flexible or rigid, depending on whether their glass transition temperature is
below or above room temperature. According to cell geometry, the foams can also be
divided into open-cell foam and closed-cell foam. The open cell foams are suitable for
car seating, furniture, flower supports and acoustical insulation, while the closed cell
foams are usually used as thermal insulation materials [2].
The density of polymeric foams ranges from 1.6 kg/m3 to over 960 kg/m3. It is a key
factor determining the mechanical properties of a foam and hence its appropriate
applications [2]. For instance, the high-density foams are suitable for load-bearing
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applications, while the low-density foams have low thermal conductivity and are
generally utilized as thermal insulation materials.

1.2 Bio-based phenol formaldehyde (BPF) foam
Phenolic foam has been manufactured commercially since the 1940s [2]. It has been
commonly used in civil construction, military aircraft and marine vessel insulation
because of its low thermal conductivity and exceptional flame-retardant properties,
including but not limited to, low flammability with no dripping during combustion, low
smoke and low toxicity (FST) [2, 3]. Moreover, the inherent chemical-resistance of
phenolic foam makes it outstanding in applications where the corrosion should be
avoided [4]. Phenolic foam is a relatively cost-effective material compared with other
polymer foams and is therefore more competitive for the production of industrial
products.
Generally, phenolic foam is prepared by mixing a foamable phenolic resin, a blowing
agent, a surfactant, and optional additives into a substantially uniform mixture. A curing
catalyst is added to initiate the highly exothermic curing reaction, which creates sufficient
heat to vaporize the blowing agent, thereby foaming the mixture. This mixture finally
becomes phenolic foam under certain outside heating for preventing the heat release from
inside of mixture [5].
Phenol, one of the main raw materials in the production of phenolic foams, is primarily
derived from petroleum. However, due to the depleting of petroleum reserves and the
fluctuating price of petroleum, there has been intensified interest in searching for
alternative resources to substitute for phenol in the manufacture of foamable phenolic
resins as well as foams. Lignocellulosic biomass can be an immense and renewable
resource for the production of valuable oxygenated compounds, such as phenols, organic
acids and alcohols [6]. Common lignocellulosic biomass includes wood, wood-waste,
forestry residues and agricultural residues [7], among which forest/agricultural residues
are promising feedstock for the energy and chemicals applications. Forest/agricultural
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residues contain about 10-35 wt.% lignin, 35-45 wt.% cellulose, and 15-35 wt.%
hemicellulose [8]. Lignin is an amorphous natural polymer composed of phenyl-propane
units, which can be degraded (or de-polymerized) into oligomeric and monomeric
phenolic compounds through thermochemical technologies, such as hydrolysis, pyrolysis,
direct liquefaction or de-polymerization [6]. The degraded products can be a potential
source of bio-phenols to replace petroleum-based phenols in the production of phenolic
resins [9].
Direct liquefaction/de-polymerization of biomass/lignin for the production of phenolic
bio-oils and the synthesis of BPF resins have been successfully demonstrated in the past
few decades [6, 10]. Bio-based phenolic foams can be synthesized using similar methods
as those for the production of phenol formaldehyde (PF) foams with the following
modifications: (1) changing the molar ratio of phenol and formaldehyde to produce
foamable PF resoles with a suitable weight average molecular weight and number
average molecular weight; (2) adjusting the pH value of resoles with a preferable range of
5-7 using appropriate neutralizing agents; (3) ensuring the suitable solid content and
viscosity of foamable resoles.
However, BPF resole resins, synthesized using various bio-phenols, such as organosolv
lignin (OL), kraft lignin (KL), or bio-oils, commonly have a much lower reactivity than
PF resins, because they have fewer quantities of para- and ortho- reactive positions
compared with conventional PF resins. Furthermore, the reactivity of the available
positions in BPF resins is lower than those in PF resins due to the steric hindrance effect
of the methoxyl substituents [11]. Moreover, BPF resins have higher viscosity than
commercial PF resins, due to their much higher number and weight average molecular
weights, which causes handling problem in applications. Therefore, when using
conventional foaming technology for the production of BPF foams, the phenol
substitution ratio is normally limited to less than 30% [12].
To the best of our knowledge, there are two strategies that could be used to improve the
quality and phenol substitution ratio of BPF foams. One approach is to enhance the
reactivity of foamable BPF resole resins by improving the quality of the bio-phenols. We
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have produced reactive phenolic bio-oils by the liquefaction of lignocellulosic biomass in
water/ethanol [7, 13-16] and applied the phenolic bio-oils in the synthesis of BPF resins
[8, 9, 17-19]. The synthesized BPF resin at a phenol substitution ratio as high as 75%
displayed similar physical/chemical/mechanical properties as a conventional PF resin.
The other approach is to optimize the parameters of the foaming process to suit the
characteristics of foamable BPF resins. A phenolic foam is normally produced by
dispersing gas bubbles through a liquid, foamable phenolic resin, followed by stabilizing
the foaming system. The foaming process involves bubble formation, bubble growth, and
bubble stabilization [2]. Delaying the bubble formation and growth during the foaming
process could provide more time for bio-based phenolic resins with the low reactivity to
polymerize. In this case, the use of the blowing agent with a high boiling point is suitable
to slow down the cell formation during the polymerization of foamable BPF resoles
under acidic conditions. Besides, it is desirable to add a higher amount of acid to enhance
the crosslinking rate of BPF resins than that for PF resins, thereby avoiding excess
coalescence of bubbles. Thus, it can control the process of bubble stability, resulting in
the production of BPF foams with small and uniform cells.
Both of these methods allow the increased phenol substitution ratio in the production of
BPF foams. However, the second approach is more advantageous, because a minor
change in foaming conditions can yield a tremendous improvement in phenol substitution
ratios, without sacrificing the mechanical and insulation properties. Moreover, it does not
need any modifications or pretreatments of OL and KL, when they are used as the phenol
substitute for the production of BPF foams.
Our purpose is to develop a new foaming technology for the production of BPF foams at
high phenol substitution ratios of up to 50 wt.%, using industrial lignin (OL and KL), depolymerized hydrolysis lignin (DHL), or bio-crude oil derived from white birch bark as
the phenol substitute. Figure 1-1 illustrates the necessity of the new foaming technology
for the production of BPF foams other than the conventional foaming technology. More
specifically, since 1940s the conventional foaming technology has been invented for the
production of conventional PF foams, which is a mature technology. Then BPF foams
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attracted numerous attentions in the past decades, but the conventional foaming
technology was still used for the production of BPF foams, which makes the low phenol
substitution ratio in BPF foams, because the reactivity of BPF resins is much lower than
that of PF resins. Thus, authors’ group believes that a new foaming technology should be
developed for the preparation of BPF foams with high phenol substitution ratios. The
BPF foams produced are supposed to have comparable mechanical and thermal insulation
properties, and satisfactory cell structure to conventional PF foams.

Figure 1-1 Manufacturing technology of phenolic foam

1.3 Objectives of this study
With the abundant and inexpensive resources of forestry and industrial residues, it is of
great significance to develop fire retarding BPF foams with acceptable thermal, physical
and mechanical properties. This project will focus on producing large molecular weight
resole resins under alkaline conditions, using either unmodified OL and KL or other
pretreated industrial residues (DHL from HL, bio-crude oil from white birch bark) as the
phenol substitute, as described in Figure 1-2. The pretreatment for the production of
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phenolic bio-crude oils from white birch bark will be hydrothermal liquefaction in hotcompressed water-alcohol co-solvent, and DHL will be produced from HL by a low
temperature/pressure de-polymerization process. These phenol substitutes were
introduced into the synthesis of foamable BPF resole resins with different levels of
phenol substitution ratios of up to 50 wt.%.

Figure 1-2 Technical route of project

Bio-based phenolic foam materials with specific densities (referring to some commercial
PF foam products) will be produced from foamable BPF resins via solvent blowing by
mixing a blowing agent, a surfactant and a curing agent with the synthesized BPF resoles.
The produced BPF foam materials will be subjected to comprehensive characterizations
for density, thermal conductivity, thermal stability, flammability, and compressive
strength, etc. Based on these properties, the preparation process for BPF foam products
will be optimized.
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Currently, the phenol substitution ratio in the production of BPF foams using bio-phenols
is normally limited to 30 wt.%, and expensive pretreatment is needed to improve their
reactivity. This dissertation will focus on the synthesis of foamable BPF resole resins at
high phenol substitution ratios of up to 50 wt.%, using KL, OL, DHL, or bio-crude oils
from white birch bark without any modifications. Meanwhile, the usage of formaldehyde
can be reduced by up to 50 wt.% of the original content, depending on the phenol
substitution ratio. Figure 1-3 represents the main steps for the production of BPF foams.
In the past decade, the most common methods to produce BPF foams are to perform
pretreatments of feedstock (Feedback-1) and change formulations of foamable resoles
(Feedback-2). However, in this work, the foaming processing (Feedback-3) was
recommended as the first option. It involves simple operations to modify cellular
structure by manipulating process parameters (foaming agent, curing agent, heating
temperature, viscosity, solid content, etc.) [2].

Figure 1-3 Strategy for BPF resole and foam production

Moreover, a new foaming technology has been developed for the production of BPF
foams with properties comparable to the conventional PF foams. This new foaming
technology developed has the following advantages: 1). A high phenol substitution ratio
can be achieved using KL or OL, DHL, or bio-crude oils; 2). The original industrial
lignin (KL or OL) can be used directly for BPF production with high phenol substitution
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ratios of up to 50% without any pretreatments; 3). The amount of formaldehyde required
in the resin synthesis can be decreased up to 50 wt.% of its original content; 4). The
technology is feasible for industrial application, because it involves simple operations
without the need of lignin pretreatments (OL and KL) and the infrastructure of the
existing PF resin/foam plants can be utilized, hence it does not require high capital costs;
5). Lignin is a renewable resource widely available in forestry/agricultural residues and a
by-product in papermaking industry, so the use of lignin in the production of high value
BPF foams can greatly benefit the forestry and agriculture sectors with additional revenue
streams.

1.4 Thesis structure
This PhD thesis follows the integrated-article format and includes 9 chapters.
Chapter 1 is a general introduction on the polymeric foams, BPF foam, motivations,
objectives and thesis structure.
Chapter 2 is a comprehensive literature review on the production of PF foams,
introducing foamable PF resin synthesis, surfactants, blowing agents and curing agents,
and the production of bio-phenols from renewable sources by appropriate pretreatments.
This chapter also introduces the modification of PF foams and the state-of-the-art
technologies to produce BPF foams from renewable resources.
Chapter 3 presents exploration, optimization and characterization of BPF foams using KL.
It introduces the BPF resin synthesis mechanism involving phenol, lignin, and
formaldehyde under alkaline conditions and the curing mechanism of BPF resins under
acidic conditions. Based on fundamental foaming principles, new formulations for BPF
foams were developed through a combination of conventional foam formation
mechanism and the distinct characteristics of the BPF resins. Properties of the BPF foams
were further characterized to obtain the optimized foaming technologies.
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Chapter 4 presents results on utilizing OL as a phenol substitute to produce BPF foams
using new formulations. The phenol substitution ratio can be up to 50 wt.% via a novel
foaming technology.
Chapter 5 presents production of bio-based phenol formaldehyde foams using HL. HL
was firstly de-polymerized by a proprietary low-temperature/no pressure depolymerization process for the preparation of DHL. Then DHL was utilized as a phenol
substitute for the synthesis of foamable BPF resole resins, followed by employing a new
modified foaming technology for the BPF foam production.
Chapter 6 is about production and characterization of BPF foams using bio-crude oils
derived from white birth bark. The bio-crude oils were produced by a hydrothermal
liquefaction of outer and inner white birch bark in ethanol–water (1:1, w/w) mixed
solvents, and were utilized for the synthesis of foamable BPF resole resins. Then the BPF
foams were successfully produced by mixing a blowing agent, a surfactant and a curing
agent with the synthesized BPF resoles.
Chapter 7 presents results on thermal decomposition characteristics of BPF foams. The
thermal stability and thermal decomposition kinetic of the BPF foams and the
conventional PF foam were investigated by thermogravimetric analyzer (TGA). The
evolved gases from the foams upon heating through TGA coupled to Fourier Transform
Infrared Spectroscopy (TGA-FTIR) were further studied. The structural transformation in
the BPF foams at different stages of the thermal degradation were analyzed by FTIR.
Chapter 8 presents effects of surfactants on the properties of bio-based phenol
formaldehyde foams with high phenol substitution ratios. Three surfactants were utilized
for the BPF foam production employing a novel foaming formulation.
Chapter 9 gives a brief summary of conclusions and recommendation for future work.
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Chapter 2

2

Literature Review

2.1 Phenol formaldehyde (PF) foam
2.1.1 Foamable PF resin
PF resins can be classified as either resoles or novolaks [1]. Novolaks are conventionally
synthesized under strong acidic conditions by the reaction of formaldehyde and phenol at
a formaldehyde-to-phenol molar ratio of less than 1.0. Resoles are alkaline-catalyzed PF
resins with a formaldehyde-to-phenol molar ratio of greater than 1.0. Both types of resins
can be used for the production of PF foams. However, as novolaks are often solids at
room temperature and are therefore difficult to handle during the foaming process [2],
liquid resole resins are predominantly used in the manufacture of PF foams. Conventional
PF resoles are prepared by first reacting phenol with formaldehyde under alkaline
conditions to produce methylolphenol, as shown in Figure 2-1.

Figure 2-1 Reaction for synthesis of foamable PF resins

Methylolphenol further reacts with formaldehyde to produce di- and tri-methylolphenols,
showing in Figure 2-2. Moreover, Mono-, di- and tri-methlolphenols can be condensed
between methylol groups or between a methylol group and a para- or ortho-position in
phenol. The possible condensation reaction and pre-polymers are shown in Figures 2-3
and 2-4.
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Figure 2-2 Molecular structure of di- and tri-methylolphenols

Figure 2-3 Condensation reaction between methylol group and ortho-position in
phenol

Figure 2-4 Possible prepolymers in foamable PF resins

In general, aqueous foamable PF resoles are produced by reacting formaldehyde and
phenol at a molar ratios of 1.5-2.5:1 [3]. This is because, PF foams that are prepared with
resoles of a lower formaldehyde-to-phenol (F/P) molar ratio (less than 1.5:1) tend to be
more friable (have less abrasion resistance) and have poor compressive strength. This is
due to the low viscosity of such resoles, which results in thin cell walls that make it
difficult to entrap the blowing agent and prevent the cell walls from rupturing [4].
Conversely, if the F/P ratio is too high, the viscosity of the PF resoles increases
dramatically, making the PF foam production process extremely difficult.
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The influences of the F/P ratio may be explained by the molecular structure of a foamable
PF resole as shown in Figure 2-5. When x is less than 2, the resulting PF foam tends to
have high friability because of its short molecular chain. On the other hand, if x exceeds
10, the viscosity of the resin increases dramatically, leading to handling difficulties in the
foaming process [5, 6].

Figure 2-5 Model molecular structure of foamable PF resole

From the literature, foamable PF resoles have a preferred weight average molecular
weight of 700-2000 g/mol, number average molecular weight of 300 to 700 g/mol and a
polydispersivity index (PDI) of 1.8 to 2.6 [3]. Typical foamable PF resoles have solids
content of 60 to 99% by weight and an initial viscosity ranging from about 2 poises to
about 3000 poises at 25 °C, more preferably, 4-250 poises for easiest handling [6, 7].
Since the produced PF resole resins are alkaline, it is desirable to adjust the pH of the
resoles to a value of 5.0-7.0, in order to inhibit further condensation reactions [4]. The
common neutralizing acids are hydrochloric acid, sulfuric acid, phosphoric acid, acetic
acid, oxalic acid and formic acid, etc. However, weak acids have more benefits than
strong acids in the preparation of foamable PF resoles [7]. Thus, acetic acid, oxalic acid,
and formic acid are widely used as a neutralizing acid.

2.1.2 Surfactants
Surfactants are used to regulate foam cell structure and size. The main roles of the
surfactant are to lower surface tension, and to provide an interface between the highly
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polar foamable resole resin and the non-polar blowing agent during the foaming process
until gelation of the resin matrix occurs [1]. The preferred surfactants are water soluble,
acid stable and non-hydrolyzable [8]. Commonly used surfactants include siloxaneoxyalkylene copolymers, “Tween” series, and “DC-193”. These surfactants are typically
employed at 0.5-5% by weight of the foamable resole resins [6]. Too little surfactant fails
to stabilize the foam, while too much surfactant is not only wasteful, but also may lead to
a larger cell structure by cell coalescence, causing collapse of the foam structure for the
reason that surfactants have relatively high surface tension.

2.1.3 Blowing agents
The role of blowing agents in the production of PF foams is to generate a low-density
cellular structure. During the acid curing process of foamable resole resins, the blowing
agent absorbs and moderates the heat generated by the exothermic curing reactions,
resulting in uniform expansion of the foam [1].
In the past few decades, polyhalogenated saturated fluorocarbon blowing agents were
popularly used in the production of phenolic foams. These blowing agents produce a fine
homogeneous

closed-cell

structure,

thereby enhancing the

thermal

insulation

performance and mechanical properties of the resulted foam. This is a result of their
excellent solubility in the resole and their relatively low heat transfer coefficient [9].
However, the use of these blowing agents is no longer favored, because of environmental
concerns regarding their role in global warming and ozone depletion.
The environmentally acceptable blowing agents mainly include hydrocarbons, ketones
and ethers. Common hydrocarbon blowing agents include pentane, cyclopentane,
isopentane, hexanes and the corresponding unsaturated derivatives containing one or
more C=C bonds [1]. Blowing agents used for the production of PF foams can be a single
compound or a mixture of several blowing agents. Some studies indicated that mixtures
of two or more blowing agents were more effective for the formation of a desirable foam
structure [10]. The most suitable addition amounts of liquid volatile blowing agents were
found to be from about 1-15 wt.% based on the weight of PF resole resins [11].
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2.1.4 Curing agents
An acid catalyst is critical as a curing agent for the condensation of foamable PF resins
during the foaming process. Foamable PF resoles are largely methylene bridged dimers
and trimers containing free methylol groups that have the ability to crosslink the resin
through condensation reactions under acidic conditions. When a curing catalyst is added
to a foamable PF resin with a blowing agent and a surfactant, it will initiate highly
exothermic curing reactions that generate sufficient heat to vaporize the blowing agent,
thereby foaming the mixture.
Both organic and inorganic acids have been used as catalysts in the manufacture of PF
foams. Typical organic acids include benzene sulfonic acid, para-toluene sulfonic acid,
xylene sulfonic acid, phenol sulfonic acid etc., while common inorganic acids are sulfuric
acid, phosphoric acid, hydrochloric acid and so forth [3]. However, strong organic acids
are more preferable for the preparation of phenolic foams, while inorganic acids, such as
hydrochloric acid, should be avoided due to severe corrosion issues associated with their
use [1]. Aromatic sulfonic acids, such as xylene-toluene sulfonic acids, or phenol sulfonic
acid are more commonly used in the manufacture of phenolic foams, because they are
thought to react with the phenolic prepolymer during the curing reaction and thus are not
able to migrate out of the foam [2]. These acids are generally added in a level of 10 to 25
wt.% of the amount of the resole to achieve commercially acceptable curing time [3].
Another method for reduction in corrosivity of phenolic foams is using a neutralizing gas,
such as ammonia, as post-treatment of the foam [2].
A literature study demonstrated that a mixture of two or more acids can be more effective
for the preparation of phenolic foams [12]. Moreover, it was also found that the use of a
modified catalyst benefited the production of PF foams [13]. For instance, modifying an
aromatic acid by the incorporation of a dihydric phenol and glycol mixture produced PF
foams having improved moisture resistance [14]. The addition of a suitable amount of
catalyst emulsifier enhanced the ability of the curing agent to homogenize in the reaction
mixture, forming a desirable cell size [11]. Generally, if the curing agent can be dispersed
better throughout the foamable mixture, the curing reaction will occur more evenly and
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also the temperature will be more even in the whole foamable resole, which would
provide more consistent cell wall pressures among the different cells in the foam. The
preferred catalyst emulsifiers include glycerine, propylene glycol, ethylene glycol etc.
The preferable amounts of the catalyst emulsifier are between 1 to 10 wt.% based on the
total weight of the reaction mixture [11].

2.1.5 Production of phenolic foam
Phenolic foams are prepared by blending blowing agents, surfactants, curing agents and
other additives into foamable PF resins. The methylol groups in the resin react with each
other to produce condensation products containing ether or methylene linkages under
acidic or neutral conditions above 130 °C [15]. Figure 2-6 shows the possible curing
reaction between two methylolphenols, which is faster than either the reaction of
methylolphenol with phenol or the addition reaction of formaldehyde with phenol [2].
The possible final condensation product showing in Figure 2-7 can be produced under
acidic conditions.

Figure 2-6 Curing reaction of foamable PF resins
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Figure 2-7 Possible final condensation product of phenolic foam

Phenolic foams are generally produced by dispersing a gas in a fluid polymer phase and
then stabilizing the foam matrix. The reactants are partially reacted and foamed into a
certain degree, but are still fluid. Further curing stabilizes the foam [2]. The gases
dispersing throughout the foam are mainly generated from organic liquids that have
boiling points between 20 and 90 °C. Pentane has been most commonly used in recent
decades. There are three stages involved in foam formation: bubble formation, bubble
growth, and bubble stabilization. In the bubble formation stage, nucleating points in the
resole resin are first formed by many hot spots created during the exothermic reaction or
by adding nucleating agents [2]. In the bubble growth stage, gas produced will diffuse
from the solution into the hot spots and the small air bubbles. Bubble stability is achieved
through the combined action of the surfactants and the resin curing reaction.
In conclusion, the production of phenolic foams involves both a chemical reaction
mechanism and a physical foaming mechanism. The chemical reaction mechanism is
about the synthesis and curing of PF resoles, while the foaming mechanism is related to
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the bubble formation, bubble growth, and bubble stability. Both of these mechanisms are
needed to be considered for the preparation of phenolic foams.

2.1.6 Applications of phenolic foam
The applications of phenolic foams depend on whether they have an open- or closed-cell
structure. The open-cell phenolic foams are generally used as floral foams, growing
media for plants, and absorbent products [2]. The closed-cell phenolic foams are mainly
used as insulation materials that require good flame resistance, low smoke density and
low toxic emissions properties. In addition, PF foams reinforced with different fillers are
attractive in various applications such as wall panels, flooring materials, interiors of mass
transportation vehicles, partitions, interior/exterior walls, building materials, as well as
packaging, buoyancy and damping materials [1, 16].

2.2 Production of bio-phenols
2.2.1 Biomass feedstock
Lignocellulosic biomass consists of cellulose, hemicellulose, lignin, and small amounts
of organic extractives and mineral matters. Lignin accounts for approximately 25-35 wt.%
of the organic matrix of a woody biomass [17]. Lignin is an amorphous natural polymer
composed of phenyl-propane units, and it has phenolic structures with similar functional
groups as petroleum-based phenol, composed of several substituted phenylpropane (the
main units, guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)) connected primarily
through carbon-carbon or ether linkages [18]. Lignocellulosic biomass is thus a potential
source of bio-phenolic compounds (bio-phenols) that can replace phenol in the synthesis
of bio-based PF (BPF) resins [19-21]. Hu synthesized a foamable resole resin using biophenols derived from lignosulfonate [22]. Lee liquefied radiata pine sawdust by
phenolation and used the liquid oil product as bio-phenols for the preparation of BPF
foams [23]. Examples of potential feedstocks for the production of bio-phenols are given
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in Table 2-1, including 4 types: wood, forest residues, agricultural residues, industrial
residues and lignin.

Table 2-1 Examples of feedstock for production of bio-phenols
Types of feedstock

Examples [24]

Wood

Ground softwood/ hardwoods, woodchips

Forestry residues

Bark waste, peat moss, treetops, limbs, sawdust from sawmill

Agricultural residues

Bagasse, cashew nut shell, crop residues (cornstalk, wheat straw)
Pulping black liquor, kraft lignin, organosolv lignin, lignin from

Industrial residues & lignin

Steam explosion of birch, lignosulphonate, hydrolysis lignin from
cellulosic sugar production

2.2.2 Technologies for production of bio-phenols
In the past few decades, numerous biochemical and thermochemical conversion
technologies were investigated for the production of chemicals from biomass feedstock.
Among these, direct liquefaction of biomass in the presence of water, organic solvents or
supercritical fluids has been extensively studied and is considered to be a promising
method for the production of low molecular weight bio-phenols [25].
Phenolation, using phenol as the liquefaction solvent assisted by acid catalysts, is very
effective for the liquefaction of lignocellulosic biomass feedstock to produce phenolated
oils for BPF resins at mild conditions, atmospheric pressure and 150 °C [26]. Wang
produced BPF resins using bio-oils from biomass liquefaction in a hot-compressed
phenol-water mixture [20, 27]. However, the main limitation of the phenolation
technology is that the process requires a large phenol-to-biomass ratio, at least 2:1 or 3:1
(w/w), in order to achieve a satisfactory liquefaction efficiency. This means that the
phenol substitution ratio in the synthesis of BPF resins is normally lower than 30 wt.%
[28]. Moreover, the process may result in a high carbon residue, depending on the
operating temperature and the solvent-to-biomass ratio [28].
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To achieve a higher phenol substitution ratio for BPF resins synthesis, biomass
liquefaction processes using alcohol/water solvents has attracted much interest. Xu
performed a series of studies on direct liquefaction of pine sawdust in sub/near-critical
water or ethanol and obtained a bio-oil rich in phenolic compounds at a high yield [29,
30]. Cheng reported direct liquefaction of white pine sawdust in 50 wt.% alcohol-water
solvent at 300 °C for 15 min, leading to approximately 66 wt.% oil yield with biomass
conversion of greater than 95.% [31]. Using the same liquefaction conditions, Cheng
successfully de-polymerized organosolv lignin and used the bio-oil as a substitute for
phenol at a high substitution ratio (up to 75-90 wt.%) in the production of BPF resins [32].
Bark was efficiently liquefied into phenolic oils at a high conversion under similar
liquefaction conditions with 50 wt.% alcohol-water solvent, and the obtained oils can be
a suitable phenol substitute in BPF resins synthesis [33].
Although the above direct liquefaction processes using alcohol, water or mixtures as
solvents are effective, the high pressures and elevated temperature (300-350 °C) pose a
challenge for industrial applications. Therefore, direct liquefaction methods with lower
operating pressure and temperatures become desirable for cost-effective and energyefficient production of bio-phenols from woody biomass. Rezzoug and Capart
investigated effects of reaction time, acidity and reaction temperature on acid-catalyzed
liquefaction woody biomass at a low pressure in high-boiling alcohols such as ethylene
glycol [34]. Thermogravimetric analysis showed that biomass liquefaction in high-boiling
alcohols (n-octanol, ethylene glycol, and glycerol) involves three stages: biomass
dehydration, volatilization of alcoholic solvents, and biomass alcoholysis [35]. Kurimoto
and Tamura found that the introduction of 10% glycerol to polyethylene glycol solvent
for liquefaction of four softwood and three hardwood species resulted in up to 95% liquid
yields [36]. A study by the same group revealed that liquefied wood in polyhydric
alcohol can be used as a bio-polyol for the production of polyurethane materials [37].
However, no research has been reported by far on the production of BPF foams using
bio-phenols from liquefaction of biomass, using ethylene glycol as the solvent under
milder temperature and atmospheric pressure. More detailed information relating to this
new de-polymeriztion process using ethylene glycol as a solvent will be described and
discussed in Chapter 5.
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2.3 Modification of PF foams
2.3.1 Chemical modification of PF foams
Chemical modification of phenolic foams mainly can be realized by two methods: (1)
introducing a bond strength enhancing agent or long and flexible molecular chains into
the foamable PF resin structure during the resin synthesis process; and (2) mixing
foamable phenolic resins with other polymers in the process of foaming. Bond strength
enhancing agents can be carbon compounds having hydroxyl groups that can react with
the methylol groups present on the phenolic resins, forming strengthened methylene
bridges between the phenolic rings of the phenolic resins [11]. Promising bond strength
enhancing agents include urea [38], melamine [39], resorcinol [40], 1,3-dichloro-2propanol phosphate [11], isocyanates [41], polyvinyl alcohol [42], various polyols [43,
44], cardanol [45], and diacid [46]. With respect to the method (2) by adding polymers in
the PF resin foaming process, the polymers added could crosslink the PF resins during
the resin curing process under acidic conditions. Possible polymers can be ureaformaldehyde resin [47], epoxy resin [48], polyepoxyoraganosilicones [49], polyurethane
pre-polymer [50], polyethylene glycol [51], and alkyl glucosides [52].
Preferred chemical modifiers should intrinsically have fire-retardant and thermal-resistant
properties, thereby improving both the flame retardancy and mechanical properties of PF
foams, without compromising their non-flammability. Thus, in recent years, phosphoruscontaining compounds that can form stable bonds with the PF matrix have received
considerable attention as highly effective halogen-free flame retardants for chemical
modification of phenolic foams [53, 54]. These compounds mainly act on the condensed
phase flame retardant mechanism. Yang successfully produced two kinds of phosphoruscontaining toughening agents, phosphorus-containing polyethyleneglycol 400 (PPEG400,
Mn=400) and phosphorus-containing polyethyleneglycol 600 (PPEG600), to modify the
PF foams. Even though the introduction of PPEG reduced the limiting oxygen index (LOI)
value of the foams, it still remained 40% when loading content reached 10%, suggesting
great flame retardancy properties for the foams [55]. A novel modified PF foam with
improved compressive strength, outstanding thermal stability, and high char residue was
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manufactured by blending phosphorus-containing polyurethane pre-polymer and glass
fiber into a phenolic foam [56].
Sui and Wang (2013) synthesized a series of lightweight phenolic foams enhanced with
three kinds of polyethylene glycol phosphates (PEGP)-toughening agents: PEGP200,
PEGP400, and PEGP600 [57]. These toughening agents improved the structural
homogeneity, toughness and flame retardancy of the phenolic foams. Among these
toughening agents, PEGP200 was the most efficient flame-retardant modifier. Wang and
Niu (2013) developed modified phenolic foam by reacting active polypropylene glycols
(APPGs) with a foamable resole resin. A modified foam with 15 wt.% APPG showed the
best overall properties: lower friability, reduced thermal conductivity and a lower limited
oxygen index (LOI) [58].

2.3.2 Physical reinforcement of PF foams
Physical reinforcement is conducted mainly to enhance toughness of a PF foam through
blending a PF resin with inorganic or organic materials, such as carbon fibers [59, 60],
aramid fibers [61], rubbers [62], and natural fibers [63], as well as finely ground fillers,
such as carbon black, talc, mica, asbestos, wood and bamboo flours [16]. Adding a finely
ground filler to a foam typically improves its texture and homogeneity, but can also lead
to an increase in the foam density [16].
It was demonstrated in many studies that the addition of synthetic glass and aramid fibers
remarkably increased the strength and toughness of phenolic foams [61, 64-67]. Glass
fiber reinforcement was considered to be the most effective way to improve mechanical
properties of a phenolic foam. The advantages of such phenolic foam composites include
light weight, high mechanical performance and excellent fire resistance. For instance,
short chopped glass fibers treated with ‘coupling agents’ were introduced into phenolic
foams to increase their strength, toughness and dimensional stability [61, 64].
Although most studies on fiber reinforced PF foams used relatively stiff glass fibers,
some flexible fibers, particularly aramid fibers, were demonstrated to be very effective
for reinforcing phenolic foams. Shen et al. (2003) investigated the effect of adding short-
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aramid fiber to a phenolic foam, and the obtained fiber reinforced PF foam displayed a
seven-fold increase in peel resistance, without sacrificing its fire resistant properties,
compared with the unreinforced foam [61].
Bio-based materials, such as wood flour, pulp fibers and lignin, have also been used as
environmentally friendly reinforcement materials for improving the performance of
polymeric materials [68-70]. Some blends of thermoplastic polymers and lignin improved
mechanical and thermal performance [71]. Phenolic foams reinforced with 1.5 wt.%
wood flour had an apparent density in the range of 120-160 kg/m3 and demonstrated
better mechanical properties, such as a 30% increase in elastic modulus and a 54%
increase in compressive strength compared to those of the unmodified PF foam [63].

2.4 Bio-based phenol formaldehyde (BPF) foam
Several successful trials about the production of BPF foam materials have been reported.
For example, pine bark tannin rigid foams were prepared with and without formaldehyde
by solvent blowing [72]. The results indicated that pine bark tannin rigid foams without
formaldehyde showed a good elastic behavior and improved insulation performance with
thermal conductivity of 0.033 W/m/K. Lee et al. (2002) produced a BPF foam with
densities and compressive properties comparable to traditional foams from phenolated
wood using diisopropyl ether (a high boiling point foaming agent, 69 °C) [23]. In another
study, a BPF foam was successfully produced with oxidatively degraded lignin (ODL) at
30 wt.% phenol replacement where the ODL was derived from lignosulfonate in water
(pH = 10) in the presence of H2O2 [22]. Similarly, Zhou et al. (2012) produced a BPF
foam with phenolated lignosulfonate at 20 wt.% phenol replacement. The foam exhibited
an 8-fold increase in modulus and a 6-fold increase in compressive strength, compared
with the conventional PF foam. The enhanced performance was attributed to the alkyl
side chains present in the lignosulfonate structure [73].
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2.5 Summary
Phenolic foams have been produced industrially for a variety of applications for many
years. The production of PF foams has been extensively studied over several decades and
the technology is mature. In contrast, few studies were carried out on the production of
BPF foams. A key bottleneck is that the phenol substitution ratio in BPF foams is limited
to 30% in order to maintain satisfactory properties, even when feedstock pretreatment
processes, such as oxidation[73] and phenolation [23], are employed to enhance biophenols’ reactivity. This is mainly because the conventional foaming technology was
used for BPF foam preparation. These conventional procedures failed to account for the
different molecular structure of BPF resins, i.e., the reduced number and reactivity of
para- and ortho- reactive positions compared to those of conventional phenolic resoles
[74]. Moreover, BPF resins have a much higher number and weight average molecular
weight than conventional phenolic resin, which results in high viscosity and handling
problems during the foam production. Therefore, the conventional foaming technology
limits phenol substitution ratios in BPF foams to a low level of 30% [22]. Because of this,
the authors believe that more attention should be focused on development of new
foaming technologies for the production of BPF foams, taking into account both
conventional foam formation mechanism and characteristics of BPF resins.
Another issue for the production of BPF foams is pretreatment of feedstock. Even though
direct liquefaction/de-polymerization of biomass/lignin for the production of phenolic
bio-oils and the synthesis of BPF resins have been successfully demonstrated in the past
few decades [24, 75], it increases the capital cost to some extent. Also, new industrial
plants are needed for these pretreatment and safety issues should be considered.
Therefore, if this kind of pretreatment could be avoided for the production of BPF foams,
it would be more feasible for industrial production. In this regard, new foaming
technologies for BPF production need to explored using KL and OL without performing
any pretreatments, although for other feedstock, such as hydrolysis lignin and bark, the
pretreatments may still be needed mainly due to their insolubility in water.
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Chapter 3

3

New Formulations for Cost-effective Production of Biobased Phenol Formaldehyde Foams with Reduced
Formaldehyde Consumption using Kraft Lignin without
any Pretreatments

3.1 Introduction
Phenolic foam is an appealing light-weight material, as it displays a unique combination
of a high strength-to-weight ratio, low thermal conductivity, excellent chemicalresistance, and exceptional flame-retardant properties, including but not limited to, low
flammability with no dripping during combustion and low smoke and toxicity (FST) [1,
2]. However, phenol is one of the main raw materials produced from petroleum crude oil,
a non-renewable resource, via the conventional cumene process. This process poses
environmental ramifications and the price of phenol is quite costly, considering the
fluctuating price of crude oil. Thus, there is great interest surrounding the developing of a
more environmentally conscious and sustainable as well as cost-effective substitute to
petroleum-based phenol [3].
Lignin, a main component in lignocellulosic biomass (accounting for 20-30% of its
weight) [4], has been considered to be a potential substitute for phenol due to its phenolic
structure [5]. Therefore, lignin can be utilized as bio-phenols or bio-polyols in the
manufacturing of various materials, such as PF resin [6], PF foam, aerogel, polyurethane
(PU) resin/foam [7], epoxy resin, and composite materials [8]. However, low reactivity
and a high average molecular weight of the original industrial lignin, such as KL,
organosolv lignin, and hydrolysis lignin have limited applications as a chemical substitute.
In fact, most of these lignins are utilized as a solid fuel for heat/power generation [9, 10].
Studies have pre-treated lignin thermally by either pyrolysis, hydrothermal liquefaction,
or de-polymerization, producing bio-oils or de-polymerized lignin of lower molecular
weights. These bio-oils and de-polymerized lignin were used as a chemical feedstock for
the synthesis of various lignin-based materials [11, 12]. Those pretreatments however
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required either a high temperature or high pressure, or a solvent, which makes them less
viable options, as they are not economically and environmentally sustainable.
The present work is aimed at developing new foaming formulations for the production of
high quality BPF foams as thermal insulating and fire retardant materials, without KL
undergoing any pretreatments. These new formulations enable the production of BPF
foams with high phenol substitution ratios of up to 50 wt.% and with reduced
formaldehyde consumption. This process includes the synthesis process of foamable BPF
resole resins and novel foaming processes to produce high quality BPF foams. The
foamable BPF resole resins are synthesized using KL, phenol, and formaldehyde under
alkaline conditions. The BPF foams are formulated using new formulations that include a
foamable BPF resole resin, a blowing agent, a surfactant, a catalyst, and a catalyst
modifier. The new formulations for the production of BPF foams, as reported in this work,
reduce the usages of both petroleum-based phenol and formaldehyde by up to 50 wt.%,
which are not only economical but also more environmentally-conscious processes. The
new foaming formulations do not require expensive lignin pretreatment, and the existing
infrastructure of PF resin/foam plants can be utilized, hence they do not require high
capital costs. Thus, the new method developed holds great promise for commercial and
industrial applications. To develop these new foaming formulations, the operating
parameters of the foaming process for BPF resole resins were firstly optimized by
combining fundamental principles of foam formation with the characteristics of BPF
resole resins. Subsequently, the effects of the addition of lignin on BPF resole resin
synthesis and blowing agents on foam properties (density, compressive strength, thermal
conductivity, cellular structure and combustion) were investigated.

3.2 Experimental Section
3.2.1 Materials
The raw materials used in the synthesis of foamable BPF resole included: kraft lignin
(supplied from FPInnovations, with weight-average molecular weight Mw of 10,000
g/mol); solid phenol crystal (99%, J. T. Baker, Phillipsburg, NJ), a sodium hydroxide

37

solution (ca 50%, Ricca Chemical Co., Arlington, TX), formaldehyde (ca 37%,
Anachemia, Montreal, QC), and acetic acid (ca 99.7% Caledon Laboratory Chemicals).
In the foaming process, the surfactant used was polyetherpolysiloxane-copolymer
(Tegostab B 8462), the blowing agent was pentane (ca 98%, Caledon Laboratory
Chemicals) or hexanes (ca 98.5%, VWR International LLC), and the curing catalyst was
p-toluenesulfonic acid (ca 98%, Sigma-Aldrich) and the catalyst modifier was glycerol
(ca 99.5%, Caledon Laboratory Chemicals).

3.2.2 Synthesis of BPF resoles
The synthesis of the BPF resoles with different phenol substitution ratios using KL was
carried out in a 1000-mL, three-neck flask equipped with a thermometer, addition funnel
and a reflux condenser. The refluxed flask reactor was heated in a water bath equipped
with a magnetic stirrer. The formulation for the synthesis of the PF and BPF resoles are
given in Table 3-1. Taking the synthesis of 30% BPF resole as an example, 60 g lignin
(treated as phenol when calculating P/F ratio), 140 g phenol, 50 g water, and 18 g 50 wt.%
sodium hydroxide solution were combined in a flask. This was followed by gradually
heating the contents in the flask to 86 °C for half an hour while continuously being stirred
by a magnetic stirrer. Next, 224 g formaldehyde (ca 37%) was added dropwise to the
flask. After 2 h, the obtained resole was cooled in a water bath to 60 °C. The synthesized
resoles have a viscosity in the range of 1.0-2.5 Poise measured at 60 °C, as shown in
Table 3-3. The pH of each of the resoles was then adjusted to 5.5-6.5 via the addition of
acetic acid. Finally, the resoles were concentrated using a vacuum rotary evaporator until
the solid content of the resins reached approximately 70-85%.
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Table 3-1 Formulations of foamable PF and BPF resole resins
Formaldehyde
Resins

Phenol (g)

KL (g)

(ca 37%) (g)

P/F molar ratio

PF resole

200

0

312

1: 1.80

10% BPF resole

180

20

276

1: 1.60

20% BPF resole

160

40

250

1: 1.45

30% BPF resole

140

60

224

1: 1.30

40% BPF resole

120

80

198

1: 1.15

50% BPF resole

100

100

173

1: 1.00

*P/F molar ratio of foamable PF resole would be preferably 1: 1.75 to 1: 2.25 [13]

3.2.3 Production of BPF foams
Various formulations for the preparation of the PF foam or BPF foams were investigated
in order to optimize the addition of varying amounts of the blowing agents (pentane and
hexanes) and the curing catalyst (p-toluenesulfonic acid), while maintaining the same
concentration of the other components involved in this process (40 g PF or BPF resole,
1.2 g polyetherpolysiloxane-copolymer, 2.4 g distilled water, and 2 g glycerol). The
detailed formulations tested are given in Table 3-2. As shown in the Table, the BPF
foams along with various phenol substitution levels were prepared in the same
formulation as the PF foams, with the exception that different amounts of the curing
catalyst and different ratios of pentane and hexanes were used due to the much lower
reactivity of the BPF resoles compared to that of the PF resole. The foaming process
involved mixing two fractions. Fraction-1 is a mixture of 1.2 g surfactant
(polyetherpolysiloxane-copolymer), 4 g blowing agents (pentane and hexanes) and 40 g
foamable PF or BPF resole resin, well mixed in a paper cup via a mechanical stirrer.
Fraction-2 comprises of a curing catalyst (p-toluenesulfonic acid) at an amount specified
in Table 3-2, 2.4 g distilled water and 2 g glycerol. Subsequently, Fraction-2 was added
into Fraction-1 under vigorous agitation for 30 s at room temperature before it was
transferred into a preheated oven at 70 °C for 30 min of curing.
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Table 3-2 Formulation of PF and BPF foams
Pentane
Hexanes
Curing catalyst
2
2
(wt.%)
(wt.%)
(wt.%)2
PF Foam-1
10
0
14
PF Foam-2
7.5
2.5
14
PF Foam-3
5
5
14
PF Foam-4
2.5
7.5
14
PF Foam-5
0
10
14
10%BPF Foam-1
10
0
14.5
10%BPF Foam-2
7.5
2.5
14.5
10%BPF Foam-3
5
5
14.5
10%BPF Foam-4
2.5
7.5
14.5
10%BPF Foam-5
0
10
14.5
20%BPF Foam-1
10
0
15
20%BPF Foam-2
7.5
2.5
15
20%BPF Foam-3
5
5
15
20%BPF Foam-4
2.5
7.5
15
20%BPF Foam-5
0
10
15
30%BPF Foam-1
10
0
15.5
30%BPF Foam-2
7.5
2.5
15.5
30%BPF Foam-3
5
5
15.5
30%BPF Foam-4
2.5
7.5
15.5
30%BPF Foam-5
0
10
15.5
40%BPF Foam-1
10
0
16
40%BPF Foam-2
7.5
2.5
16
40%BPF Foam-3
5
5
16
40%BPF Foam-4
2.5
7.5
16
40%BPF Foam-5
0
10
16
50%BPF Foam-1
10
0
16.5
50%BPF Foam-2
7.5
2.5
16.5
50%BPF Foam-3
5
5
16.5
50%BPF Foam-4
2.5
7.5
16.5
50%BPF Foam-5
0
10
16.5
1
The contents of other components: 40 g of PF or BPF resole, 1.2 g
polyetherpolysiloxane-copolymer, 2.4 g distilled water, 2 g glycerol.
Foams1

2

wt.% is based on the weight of PF or BPF resole in the formulation

3.2.4 Characterization of foamable PF and BPF resins
The pH values of all resins were measured using a pH meter (SympHony, H10P, VWR).
The viscosities of all resins were measured at 60 °C on a Brookfield CAP 2000+
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viscometer (Brookfield Engineering Laboratories, Middleboro, MA). The solid contents
(nonvolatile contents) of the foamable resole resins were determined at 125 °C for 105
min according to ASTM D 4426-01. The molecular weights and their distributions of the
foamable resoles were measured on a Waters Breeze gel permeation chromatograph
(GPC) (1525 binary HPLC pump; UV detector at 270 nm; Waters Styrange HR1 column
at 40 °C), using THF as the eluant at a flowing rate of 1 ml/min. Polystyrene was used to
obtain the calibration curve for the GPC measurements. The free formaldehyde levels in
the foamable resoles were analyzed by the ISO 9397 method (hydroxylamine
hydrochloride method).

3.2.5 Characterization of PF and BPF foams
The apparent densities of all foams were determined in accordance with ASTM D1622.
The samples were cut in cubic specimens using a cutting saw. A minimum of three
specimens were tested. The FTIR spectroscopy was employed to characterize the
foamable PF and BPF resoles, the PF and BPF foams. The transmission mode was used
and the wavenumber range was set from 550 to 4000 cm-1. The thermal conductivities of
the foams were measured by KD2 Pro Thermal Properties Analyzer at room temperature
after 15 minutes for specimens and needles to equilibrate at the ambient temperature.
Three specimens were tested for each type of sample. The foam samples were then
ground into fine powders and then tested on a thermogravimetric analyzer (Perkin Elmer
Pyris 1 TGA unit). In each run, 5 mg sample was heated from room temperature to
700 °C at the heating rate of 10 °C/min under a constant flow of nitrogen of 20 ml/min.
The compressive properties of the foams were measured on a universal testing machine
according to ASTM D1621, where specimens (30mm×30mm×25.4mm) were tested
between stainless steel plates with a strain rate of 2.5 mm/min-1. A minimum of three
specimens were tested. The compressive strength was determined at various percentages
of deformation and the compressive modulus was calculated as the slope of the stressstrain curve. The morphologies of the foams were observed by a Zeiss 1540XB FIB-SEM.
The combustion properties tests were carried out on a small-scale cone calorimeter
(FPInnovation) in compliance with ISO 5660. All foam specimens (cut in the dimension
of 100×100×20 mm3) were subjected to an irradiance level of 50 kW/m2. The limiting
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oxygen index tests were conducted according to ASTM D2863 method using specimens
with the dimension of 100 ×10×10 mm3. It is measured by passing a mixture of oxygen
and nitrogen over a burning specimen, and reducing the oxygen level until a critical level
is reached.

3.3 Results and Discussion
3.3.1 Chemical reaction mechanism
Lignin has phenolic structures, especially p-hydroxyphenyl (H) and guaiacyl (G) groups,
providing reactive ortho-positions with formaldehyde to form methylol linkages in the
resinification process [5]. The resole synthesis and curing reactions involved in the BPF
foam production are schematically described in Figure 3-1. In the BPF resole synthesis,
phenol and lignin were reacted with formaldehyde to form methylol linkages in their
para- and ortho- positions under alkaline conditions. Upon being heated in the
resole/foam curing stage under acidic conditions, BPF resoles can then be cross-linked to
form methylene linkages mainly through alkylation, or ether linkages by etherification,
while water and formaldehyde are released.
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Figure 3-1 Possible synthesis and curing of BPF resoles

43

3.3.2 Foaming mechanism
BPF resoles generally show lower reactivity than conventional PF resoles, because biophenols, such as industrial lignin (organosolv lignin, KL) or bio-oils from the liquefaction
of lignocellulosic biomass, have less quantities of para- and ortho- reactive positions [14].
Moreover, BPF resins have much higher molecular weights than conventional PF resins,
which results in larger viscosities, causing handling problem in the BPF foam production.
BPF foams could be produced using the conventional PF foaming technology, but the
phenol replacement was usually at a low level of less than 30 wt.%, even when
pretreatments, such as liquefaction and oxidation, are employed to enhance bio-phenols’
reactivity [15]. Thus, a new foaming technology should be developed by modifying the
conventional foaming technology taking into account the characteristics of BPF resins.
PF foams are normally prepared by dispersing gas bubbles into a liquid phase (i.e.,
foamable PF resole) [16]. The gas bubbles are mainly generated from the vaporization of
organic liquids with boiling points between 20 and 90 °C, such as pentane. During the
foaming process, gas bubbles are formed, then grow and are finally stabilized through
curing of the phenolic resins usually under acidic conditions. There are three stages
involved in the foaming process, including bubble formation, bubble growth and bubble
stabilization. In the bubble formation stage, nucleating points in the resole resins are
formed at many hot spots caused by the exothermic curing reactions or by adding
nucleating agents, followed by the formation of bubbles in the resole resins. [1]
Figure 3-2 (1) illustrates the nucleation process in a foaming system, based on the
nucleation of sulfur solutions [17]. It indicates the relationship between changes in gas
concentration in solution and nucleation and growth of foam cells under ideal conditions
where no micro-voids or nucleating agents are presented [1]. (Crn=Nucleation rate; CLS=
Critical limiting supersaturation; RSN=Rapid self-nucleation, partial relief of
supersaturation; GBD= Growth by diffusion; S= Saturation)
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Figure 3-2 Relationship between changes in gas concentration in solution and
nucleation and growth of foam cells

We can see from the Figure 3-2 (1) that the gas concentration increases rapidly in zone І.
When it enters zone 2, the gas concentration first increases and then decreases. In this
zone, rapid self-nucleation (RSN) happens. However, the reality is that zone 2 (selfnucleation) will not happen during the foaming process of phenolic resole resins, because
the hot spots generated by the exothermic reactions in the resole curing under acidic
conditions exist, so the gases (organic vapors) will diffuse rapidly to the hot spots,
forming small gas bubbles. Thus, the average gas concentration in the solution could not
be enough high, which turns the Zone 2 directly into Zone 3, as shown in Figure 3-2 (2).
Besides, there might be some small air bubbles formed during the stirring of the mixture
of the resins and other additives, serving as nucleating points for bubble formation. In
Zone 3, bubble growth by diffusion (GBD) happens through the gas diffusion from the
solution into the hot spots and the small air bubbles. However, when gas concentration in
the solution drops to saturation, the combination or coalescence of gas bubbles will
dominate over the formation/growth of bubbles if the resole is not fully cured at the
moment. Unlike a liquid with a soap or surfactant which can produce stable foaming for
hours [18], the foaming of phenolic resins will be restricted by the change of viscosity,
surface tension, and other forces, such as gravity, capillary and van de Waal forces [1].
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Hence, it is extremely hard to stabilize foamed phenolic resin for a long time, when the
foam forms a satisfied pore size and rises to a desired density.
The reason for bubble coalescence in a phenolic resin system is that the system with
fewer larger cells in a given volume tends to a lower Gibbs free energy (G), hence
becoming more stable, as we can see Eq. 1, free energy:
∆G = γ. A

(1)

Where γ is the surface tension of the fluid and A is the total interfacial area. Thus, small
bubbles tend to coalesce to form big bubbles for lowering the total interfacial area [1].
Moreover, the gas pressure in a small bubble is greater than that in a large bubble, as
given in Eq. 2,
P=

2γ

(2)

𝑅
1

1

∆P = 2γ(𝑅1 − 𝑅2)

(3)

Where P is gas pressure, and ∆P is the pressure difference between the two bubbles
having radius of R1 and R2, so the small bubbles tend to diffuse into the large bubbles.
Therefore, when a phenolic resin system is foamed to a desired density, the curing
reactions of the resins should complete so that all bubbles are entrapped in the foam
(bubble stabilization). As discussed previously, the reactivity of BPF resoles is usually
much lower than that of conventional PF resins, so a little longer reaction time is required
for the crosslinking of the BPF resoles. Therefore, the conventional foaming technology
is not working effectively for the production of closed cell BPF foams.
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Figure 3-3 Schematic illustration of foaming process for PF foams

Figure 3-3 illustrates the foaming process of phenolic foams involving bubble formation,
bubble growth, and bubble coalescence. Upon the completion of the bubble formation
and growth, if the resole is not cured, bubble coalescence would dominate, leading to the
formation of some large pores in the foam, which might collapse to produce non-uniform
foam structure.
In this chapter, two novel approaches were taken in order to produce BPF foams from
BPF resoles with un-modified KL as a bio-phenol at a high phenol substitution ratio of
greater than 30 wt.%. One approach was to enhance the curing reaction of BPF resoles
and to reduce its reaction time. As is well known, foamable PF resoles consist largely of
methylene bridged dimers and trimers containing free methylol groups that can crosslink
the resin under acidic conditions. In the presence of a curing catalyst, a blowing agent
and a surfactant, the highly exothermic curing reaction of the resin would take place,
generating sufficient heat to vaporize the blowing agent (low boiling point organic
solvent), thereby foaming the mixture. Thus, the use of curing catalyst plays an important
role in the foaming process. Strong organic acids are commonly more preferable in the
preparation of phenolic foams, while inorganic acids, such as hydrochloric acid, should
be avoided due to severe corrosion issues associated with their applications [19].
Therefore, in this work p-toluenesulfonic acid was chosen as the curing catalyst for the
production of BPF foams.
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As reported in a literature work, the best results of the acid amount used in per 100 parts
by weight of the conventional PF resole was found to be about l0-12 parts of 37%
hydrochloric acid, 12 parts of 50% dilute sulfuric acid, 10 parts of concentrated xylene
sulfonic acid, or 14 parts concentrated toluene sulfonic acid [20]. A larger amount of acid
is needed for the preparation of BPF foams than conventional PF foams, because the cells
of the foam would be too large or the cell walls are of too low strength, due to the low
reactivity of BPF resins to entrap the gas if the addition of the curing catalyst (the acid) is
not enough. However, the presence of too much acid in the system would lead to curing
reactions too fast prior to the formation of the foam cells. Also, that would produce too
much heat during foaming process, which will create high vapor pressure and break the
closed cells in the resulted foam [21]. Figure 3-4 shows the effect of the acid content (wt.%
of the foamable resole) on the production of the BPF foams. In this work, a conventional
PF resole with the addition of 14 wt.% p-toluenesulfonic acid produced foams, showing
excellent cell structure. However, when the same amount of acid was used for the 30%
BPF resole, the resulted foam exhibited numerous big pore sizes, as illustrated in Figure
3-4, likely due to the insufficient amount of the curing catalysts, causing a longer curing
time for the BPF resole because of its lower reactivity compared to that of the
conventional PF resole. When more acid was added into the foamable BPF resole, the
quality of the resulted foam improved with smaller and more uniform cells. However, if
the acid addition amount further increased to 17 wt.% of the BPF resole, a big pore was
formed, likely resulted from the presence of too much acid catalyst, resulting in too fast
curing reaction, thereby releasing excessive heat that vaporizes the blowing agent to form
large cells. Thus, 15.5 wt.% acid addition amount seems to be optimum for the foaming
of the 30% BPF resole. In this work, the optimal acid contents were determined for the
foaming of the BPF resoles at various phenol substitution ratios, as given previously in
Table 3-2.
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Figure 3-4 Effect of acid content on production of 30% BPF foam

Another approach is to manipulate the boiling points of the blowing agents, which has a
remarkable influence on the formation of foam cells. Specifically, if the boiling point of
the blowing agent is too low, the pressure generated by the vaporized blowing agent
would be too high in early stage, hence the inner force in the cell would break the cell
and reduce the closed-cell content of the resulted foam. As a consequence, the cells of the
resulted foam would become non-uniform or even collapse due to coalescence of bubbles
in the foaming process. In our trial experiments, hexanes with a boiling point of 50-70 °C
was found suitable for the preparation of the BPF foams, because it could effectively
postpone the cell formation during the curing of the BPF resoles under acidic conditions,
thereby achieving satisfactory cell structure of the BPF foams. On the other hand, the
high viscosity of the BPF foams could restrict the formation and growth of the gas
bubbles. Taking into account the above both factors, in this work we chose mixtures of
hexanes and pentane as the blowing agents to investigate the effect of foaming agents
composition on the properties of the BPF foams with various phenol substitution levels.
A new foaming technology was established for the production of the BPF foams, by
optimizing the phenol substitution levels and the compositions of the foaming agents.

3.3.3 Effects of lignin addition on properties of BPF resoles
Table 3-3 shows the pH values, viscosities, solid contents, and free formaldehyde
contents in the PF and BPF (with phenol substitution levels of 10-50 wt.%) resole resins.
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The pH values of all resoles are within a narrow range of 5.56-5.92, because the pH
values of all resoles were adjusted to 5.5-6.5 by adding a certain amount of acetic acid to
the synthesized resoles after cooling down to below 60 °C. The viscosities of the BPF
resoles containing KL are higher than that of the PF resole, likely caused by the presence
of KL of a large molecular weight. The solid contents of the foamable PF and BPF
resoles are also in a narrow range of 73.40-79.41%, because the solid contents of all
resoles were controlled between 70% and 85% by rotary evaporation in this work, which
was considered to be preferable for the production of phenolic foams [22]. The free
formaldehyde contents of all resoles range from 0.68 to 1.02% and did not show obvious
difference, although KL has a lower reactivity than petroleum-based phenol, because less
formaldehyde was used for the synthesis of the BPF resoles at a higher phenol
substitution level.

Table 3-3 Physical properties of foamable PF and BPF resoles
Foamable

Viscosity at

Solid content

Free formaldehyde content

resoles

pH value

60 C (P)

(wt.%)

(wt.%)

PF

5.7±0.1

1.31±0.26

79.41±0.51

0.68±0.02

10% BPF

5.9±0.1

1.58±0.11

77.33±0.45

0.53±0.04

20% BPF

5.6±0.1

1.69±0.34

75.48±0.41

0.77±0.08

30% BPF

5.5±0.1

1.80±0.22

77.98±0.60

0.78±0.12

40% BPF

5.9±0.1

1.93±0.56

74.57±0.81

1.02±0.07

50% BPF

5.8±0.1

1.97±0.62

73.40±0.91

0.88±0.11

The molecular weights of the BPF and PF resoles after acetylation (to make them soluble
in THF) were analyzed by GPC, as shown in Table 3-4. The PF resole has the lowest
average molecular weights, with a number-average molecular weight (Mn) of 310 g/mol,
weight-average molecular weight (Mw) of 1220 g/mol, and polydispersity index (PDI) of
3.94, compared with the foamable BPF resole resins. As given in Table 2, Mn, Mw and
PDI of the BPF resoles increase with increasing the phenol substitution level, apparently
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due to the presence of KL with a large molecular weight and broad molecular weight
distribution [11].

Table 3-4 Molecular weights and their distributions of acetylated foamable BPF and
PF resoles

a

Items

KL

PF Resole

30% BPF Resole

50% BPF resoles

Mn (g/mol)

1010

310

500

860

Mw (g/mol)

8300

1220

4620

8350

PDI a

8.2

3.94

9.24

9.71

PDI: polydispersity index = Mw/Mn

3.3.4 FTIR and TG analysis
Figure 3-5 illustrates FT-IR spectra of the foamable BPF resoles and PF resole. It can be
seen that the FT-IR spectra of all resoles are similar, suggesting that the BPF resoles have
a similar molecular structure as the conventional PF resole resin. All resoles have typical
adsorptions at a wavenumber range of 3100-3700 cm-1 (stretching) for the hydroxyl
group, C-H stretching at 2800-2950 cm-1, C-O stretching at 1025 cm-1, aromatic C-H at
828/754/694 cm-1, and the characteristic peaks of the phenolic/aromatic structure at 1600,
1508, 1450, 1223, 828, 754, and 694 cm-1, as similarly reported in many previous studies
[11, 23].
The FT-IR spectra of the PF and BPF foams are also illustrated in Figure 3-5. The spectra
of the BPF foams are also very similar to that of the PF foam, again implying that the
BPF foams have a similar molecular structure as the PF foam. All of the foams
demonstrate typical hydroxyl group absorptions at 3300-3400 cm-1, C-H stretching 28202926 cm-1, aromatic rings 1405-1510 cm-1, phenolic C-O stretching at 1204 cm-1, C-O
stretching between 1000 and 1050 cm-1, and aromatic C-H between 660 and 845 cm-1. In
comparing the FTIR spectra of the foams and the corresponding resoles, it is apparent
that all BPF and PF resoles have a similar structure, although the hydroxyl group
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absorption for the foams are weaker than that of the resoles, due to the release of H2O and
CH2O during the foaming process.

Figure 3-5 FT-IR spectra of PF and BPF resins and foams

TGA was carried out to evaluate the thermal stability of the PF and BPF foams. Figure 36 shows plots of the thermogravimetry (TG)–differential thermogravimetry (DTG) curves
of the PF foam, the 30% BPF and 50% BPF foams as well as KL heated in nitrogen
atmosphere from 50 to 700 °C.
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Figure 3-6 TG and DTG profiles of PF and BPF foams

As seen from the TG and DTG profiles, the PF and BPF foams thermally
degraded/decomposed primarily within the temperature ranges of 200-350 °C, likely
attributed to the removal of terminal groups and further cross-linking/condensation
reactions [19], and 400-550 °C, due to the decomposition of bridged methylene and
further condensation/degradation of phenols to a carbonaceous structure. The
introduction of KL into the PF resole lowers the final mass residue of the BPF foam. For
instance, the carbon residue at 700 °C was 65.6 wt.% for the PF foam, compared with
around 57.6 wt.% and 48.6 wt.% for the 30% BPF foam and 50% BPF foam, respectively.
The decrease in the carbon residue of the BPF foam at an increased phenol substitution
ratio was likely caused by the loss of numerous side chains from the KL structure. As
illustrated in the TG curve for KL, it underwent a slight weight loss, beginning just
before 200 °C, but decreased drastically between 200 °C and 700 °C. The DTG curve for
KL also shows that the rate of weight loss of KL increased rapidly at the temperatures of
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greater than 200 °C, peaking at around 350 °C, which would account for the lower mass
residues of the BPF foams compared with the PF foam. In summary, the BPF foams
generally display lower thermal stability as expected, but they exhibit comparable
thermal stability to the conventional PF foam at the temperatures of less than 200 °C,
suggesting their suitability in many applications as insulation materials.

3.3.5 Physical/mechanical properties of BPF foams
The presence of gas in the foam makes its cell structure vary from skeleton-struts to
integral poly-faced or spherical cells. Thus, the cell structure, the amount of gas, and its
dispersion play critical roles in determining the foam properties [24]. The cell
morphologies of the PF and BPF foams were examined with a stereo-microscope as well
as SEM, as illustrated in Figure 3-7. The BPF foams at different phenol substitution
levels and different blowing agent compositions show different morphologies. The cell
structure almost in all foams could be changed with different blowing agent compositions
of pentane-hexanes. Taking the 30% BPF foam as an example, it has big pores when
pentane is the main blowing agent, and then the pore size decreased remarkably with
increasing the content of hexanes. As discussed previously, the formation of big pores
results from the lower reactivity of the BPF resole compared to that of the conventional
PF resole, due to the less quantities of para- and ortho- reactive positions on the benzene
rings in the BPF resins. Thus, the addition of hexanes could effectively postpone the cell
formation during the curing process for the BPF resoles under acidic conditions, thereby
achieving satisfactory cell structure of the BPF foams. Interestingly, when the phenol
substitution level in the BPF foam reaches 40 wt.% and 50 wt.%, not many big pores are
present compared to those in the 30% BPF foam, although the increasing amount of low
reactive KL were used in the preparation of the 40% or 50% BPF resole. A possible
explanation is that the increased viscosity of the BPF resole helps entrap the evaporated
gas from the blowing agent until the BPF resole is fully cured. Figure 3-7 also shows
SEM images of the foams at different phenol substitution levels. It can be observed that
these foams display uniform closed-cell structure, although some perforations and
ruptures can be found in these foams, mainly caused by the foam cutting issue in the
sample preparation.
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Therefore, based on the resulted foam morphology, the optimal blowing agent
composition is 5 wt.% hexanes and 5 wt.% pentane for the 50% BPF foam, and 7.5 wt.%
hexanes and 2.5 wt.% pentane for the 40% BPF foam, and 10 wt.% hexanes and 0 wt.%
pentane for the 30% BPF foam. For the BPF foams at a phenol substitution level of less
than 20 wt.%, the addition of 5-10 wt.% hexanes produced similarly satisfactory cell
structure.
The effects of phenol substitution levels and blowing agent compositions on the density
of the BPF foams are shown in Figure 3-8. It is apparent that the density of the BPF
foams varies significantly with the phenol substitution level and the blowing agent
composition (pentane and hexanes addition amount), ranging from approximately 20 to
80 kg/m3, desirable for insulation or packing applications, except for the 50% BPF foams
produced with the blowing agents of (7.5 wt.% hexanes + 2.5 wt.% pentane) and 10 wt.%
hexanes. Studies have shown that a closed-cell foam with a lower density displays lower
thermal conductivity [1]. Interestingly, all 30%, 40% and 50% BPF foams show a low
foam density (less than 50 kg/m3) if the addition of hexanes is below 5 wt.%.

55

Figure 3-7 Effects of blowing agent compositions and phenol substitution levels on
cell structure of BPF foams
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Figure 3-8 Effects of phenol substitution levels and blowing agent compositions on
densities of BPF foams

The effects of phenol substitution levels and blowing agent compositions on the thermal
conductivities of the BPF foams can be found in Figure 3-9. All BPF and PF foams
exhibit low thermal conductivity ranging from 0.03 to 0.048 W/m/k. This is especially
true of the PF foams and the BPF foams with phenol substitution levels of 10 wt.%, 20
wt.% and 40 wt.%, all of which demonstrate thermal conductivities of less than 0.038
W/m/k. The thermal conductivity of the 30% BPF foam declines inversely with the
addition of hexanes blowing agent, decreasing from 0.042 W/m/k at 0% hexanes addition
to 0.031 W/m/k at 10% hexanes addition. The 50% BPF foams have low thermal
conductivity, with the exception of those produced with the addition of 10 wt.% hexanes,
resulting in a dramatically increased thermal conductivity of 0.048 W/m/k.
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Figure 3-9 Effects of phenol substitution levels and blowing agent compositions on
thermal conductivities of BPF foams

Figure 3-10 illustrates the effects of phenol substitution levels and blowing agent
compositions on the compressive strengths of the BPF foams (at 10% strain). One can
observe clearly from the graph that at a phenol substitution level of less than 20 wt.%,
most of the BPF foams are comparable or even better than the conventional PF foam with
respect to the compressive strength. This is probably because lignin has a large molecular
structure with many alkyl side chains of linear structure, which may contribute to the
greater toughness for the BPF foams [25]. It shall be noted that the 50% BPF foam
prepared with 10 wt.% hexanes addition has the compressive strength of 1.012 MPa,
dramatically greater than those of all other foams, as expected owing to its remarkably
greater foam density (as shown previously in Figure 3-8).
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Figure 3-10 Effects of phenol substitution levels and blowing agent compositions on
compressive strengths of BPF foams

3.3.6 Combustion properties of BPF foams
The combustion properties of materials, such as ignitability (Tig), heat release rate (HRR),
total heat release (THR), mass loss rate (MLR), smoke and toxic gas production
characteristics, were assessed by conducting small-scale cone calorimeter tests. For better
comparison of the combustion properties between the BPF foams and the conventional
PF foam, the BPF foams with various phenol substitution levels but the similar density as
that of the PF foam should be tested. Therefore, the samples of the 50% BPF foam and
PF foam with similar density (37-38 kg/m3) were prepared for the cone calorimeter and
limiting oxygen index (LOI) tests. The results are shown in Table 3-5. Although the
ignitability of the 50% BPF foam (2s) is faster than that of the PF foam (3s), there are no
big differences in HRR, THR, MLR, and the total smoke release (TSR) between these
foams. As for the release of toxic gases (i.e., CO), the combustion of the 50% BPF foam
generates the carbon monoxide at a yield (Yco) approximately 5.87%, which is less than
that of the PF foam. The LOI of the 50% BPF foam measured is 32-33 vol%, which is
slightly lower than that of the PF foam (34 vol%). Thus, these results suggest that
substituting phenol with KL does not impact significantly on the combustion properties
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of the PF foam. The introduction of KL in the BPF foam could reduce the emission of
toxic CO during the combustion compared with the PF foam.

Table 3-5 Combustion properties of PF and BPF foams measured by cone
calorimeter and LOI tests
Specimen

PF foam

50% BPF foam

Density (kg/m3)

37

38

Tig (s)

3

2

HRR a (kw/m3)

44.88

45.06

THR a (MJ/m2)

10.8

11.0

MLR a (g/s)

0.019

0.021

TSR a (m2/m2)

22.1

21.3

Yco a (g/g)

0.0755

0.0587

Yco2 a (g/g)

1.57

1.40

LOI (vol%)

34

32-33

a: average value during 240s

3.4 Conclusions
The BPF foams with high phenol substitution levels of up to 50 wt.% using KL without
any pretreatments were produced successfully with new formulations by optimizing the
composition of blowing agents and a curing agent. The addition of lignin not only
reduces the usage of petroleum-based phenol, but also lowers the use of toxic
formaldehyde by up to 50% for the preparation of the BPF foams. The new BPF foaming
technology is thus promising and feasible for industrial applications, as it involves simple
operations without the need of pretreatments of KL. More importantly, the infrastructure
of the existing PF resin/foam plants can be utilized directly without requiring additional
capital costs;
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The BPF foams exhibited comparable thermal stability to the conventional PF foam at the
temperatures of less than 200 °C, suggesting their suitability in many applications as
insulation materials (normally at < 200 °C). Also, the foams with small and uniform
closed-cell structure are preferable, together with a low density, low thermal conductivity,
and excellent compressive strength. In this work, the optimal compositions of the
blowing agents were found to be (5 wt.% hexanes + 5 wt.% pentane) for the 50% BPF
foam, (7.5 wt.% hexanes + 2.5 wt.% pentane) for the 40% BPF foam, 10 wt.% hexanes
for the 30% BPF foam. The cone calorimeter and LOI tests suggested that substituting
phenol with KL does not impact significantly on the combustion properties of the PF
foam. The introduction of KL in the BPF foams could even reduce the emission of toxic
CO during the combustion compared with the PF foam.
Lignin is a renewable resource immensely available in forestry/agricultural residues and a
by-product in papermaking industry, so the use of lignin for the production of high value
BPF foams can greatly benefit the forestry and agriculture sectors with additional revenue
streams.

61

3.5 References
[1]

Klempner D, Sendijarevic V, and Aseeva RM. Handbook of polymeric foams and
foam technology, 2nd ed. Munich Cincinnati: Hanser Publishers, 2004.

[2]

Pilato L. Phenolic resins: a century of progress: Springer, 2010.

[3]

Amen-Chen C, Pakdel H, and Roy C. Production of monomeric phenols by
thermochemical conversion of biomass: a review, Bioresource Technology 2001;
79(3):277-299.

[4]

Toledano A, Serrano L, and Labidi J. Organosolv lignin depolymerization with
different base catalysts, Journal Of Chemical Technology And Biotechnology
2012; 87(11):1593-1599.

[5]

Calvo-Flores FG and Dobado JA. Lignin as Renewable Raw Material,
ChemSusChem 2010; 3(11):1227-1235.

[6]

Mansouri N-EE and SalvadóJ. Structural characterization of technical lignins for
the production of adhesives: Application to lignosulfonate, kraft, sodaanthraquinone, organosolv and ethanol process lignins, Industrial Crops and
Products 2006; 24(1):8-16.

[7]

Hu S, Luo X, and Li Y. Polyols and polyurethanes from the liquefaction of
lignocellulosic biomass, ChemSusChem 2014; 7(1):66-72.

[8]

Lippach AK, Kramer R, Hansen MR, Roos S, Stowe K, Stommel M, Wenz G,
and Maier WF. Synthesis and mechanical properties of organic-inorganic hybrid
materials from lignin and polysiloxanes, ChemSusChem 2012; 5(9):1778-1786.

[9]

Wells T, Kosa M, and Ragauskas AJ. Polymerization of Kraft lignin via
ultrasonication

for

high-molecular-weight

Sonochemistry 2013; 20(6):1463-1469.

applications,

Ultrasonics

62

[10]

Tejado A, Pena C, Labidi J, Echeverria JM, and Mondragon I. Physico-chemical
characterization of lignins from different sources for use in phenol-formaldehyde
resin synthesis, Bioresour Technol 2007; 98(8):1655-1663.

[11]

Cheng S, D'Cruz I, Yuan Z, Wang M, Anderson M, Leitch M, and Xu CC. Use of
biocrude derived from woody biomass to substitute phenol at a high-substitution
level for the production of biobased phenolic resol resins, Journal of Applied
Polymer Science 2011; 121(5):2743-2751.

[12]

Feng S, Cheng S, Yuan Z, Leitch M, and Xu CC. Valorization of bark for
chemicals and materials: a review, Renewable and Sustainable Energy Reviews
2013; 26:560-578.

[13]

Meunier PJ. Modified phenolic foam catalysts and method, US Pat., 4945077,
1990.

[14]

Yuan Z, Cheng S, Leitch M, and Xu CC. Hydrolytic degradation of alkaline
lignin in hot-compressed water and ethanol, Bioresour Technol 2010;
101(23):9308-9313.

[15]

Hu L, Zhou Y, Liu R, Zhang M, and Yang X. Synthesis of foaming resol resin
modified with oxidatively degraded lignosulfonate, Industrial Crops and Products
2013; 44:364-366.

[16]

Frisch KC and Saunders JH. Plastic foams: M. Dekker, 1972.

[17]

Frisch KC and Saunders JH. Plastic foams: Marcel Dekker, 1973.

[18]

Saint-Jalmes A. Physical chemistry in foam drainage and coarsening, Soft Matter
2006; 2(10):836.

[19]

Gardziella A, Pilato L, and Knop A. Phenolic resins : chemistry, applications,
standardization, safety, and ecology, 2nd completely rev. ed. Berlin ; New York:
Springer, 2000.

63

[20]

Alessandro WD. Foaming phenol-formaldehyde resins with fluorocarbons, US
Pat., 3389094, 1968.

[21]

Carlson JD, Colton JP, Kifer EW, and Wojtyna VJ. Phenol formaldehyde resoles
for making phenolic foam, US Pat., 4539338A, 1985.

[22]

Kifer EW, Colton JP, and Stickel JT. Closed cell phenolic foam containing alkyl
glucosides, US Pat., 4956394, 1990.

[23]

Wang M, Xu CC, and Leitch M. Synthesis of phenol–formaldehyde resol resins
using organosolv pine lignins, European Polymer Journal 2009; 45(12):33803388.

[24]

Lee S-T, Park CB, and Ramesh NS. Polymeric foams: science and technology:
CRC Press, 2006.

[25]

Hu L, Zhou Y, Zhang M, and Liu R. Characterization and properties of a
lignosulfonate-based phenolic foam, BioResources 2012; 7(1):554-564.

64

Chapter 4

4

Preparation of Bio-based Phenol Formaldehyde Foams
using Organosolv Lignin as a Substitute for Phenol

4.1 Introduction
Rigid closed cell PF foams are widely used as light-weight cellular products for
insulation and packaging, because of their low density and thermal conductivity, and
exceptional flame-retardant properties, including but not limited to, low flammability
with no dripping during combustion, low smoke and toxicity (FST). [1, 2]. At present,
petroleum-based phenol is one of the primary raw materials for PF foam production.
Lignin is one of the three main components of lignocellulosic biomass (20-30% of its
weight) [3], which has similar phenolic structures as the petroleum-based phenol, because
it composes of substituted phenylpropanes (the main units, guaiacyl (G), syringyl (S), and
p-hydroxyphenyl (H)) connected primarily through carbon-carbon or ether linkages [4].
Thus, lignin has been considered as a potential renewable source for phenol. Among
different types of technical lignins, such as kraft lignin, hydrolysis lignin and OL, OL has
a relatively lower molecular weight and less ash content than other types of lignin [5].
Accordingly, OL has been widely used as a chemical precursor in ink, varnish and paint
[6], polyurethane products [7, 8], biofuels [5], and polypropylene composites [9].
Several studies demonstrated the preparation of BPF resole resins using OL as a phenol
substitute. For example, OL was mixed directly to a conventional PF resole resin to make
adhesive mixtures with 90% conventional PF resole and 10% OL [10]. Phenolated-lignin
formaldehyde resins (at up to 30% phenol substitution ratio) were synthesized
successfully as adhesives for wood particleboard [11, 12]. Bio-phenolic resins at phenol
substitution ratios of up to 75% were prepared using degraded OL [13] and these biophenolic resins showed higher dry and wet tensile strengths than those of a conventional
phenolic resole.
However, the phenol replacement for BPF foam production is limited to about 30%, due
to the relatively lower reactivity and higher molecular weight of the BPF resins compared
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to those of commercial phenolic resins [14]. To the best of our knowledge, there are two
approaches that could be used to achieve BPF foam production at a higher phenol
substitution level, without sacrificing the cell structure and properties. One approach is to
enhance the reactivity of BPF resins by the modification of lignin. The other approach is
via manipulating the foaming process to match the unique characteristics of BPF resole
resins. Employing the latter approach, this study is aimed at producing BPF foams using
OL without any pretreatments to substitute phenol at high substitution levels of up to 50
wt.%.

4.2 Experimental
4.2.1 Materials
The raw materials used in the synthesis of BPF resoles include: OL (supplied from
Lignol); phenol (99%, J. T. Baker, Phillipsburg, NJ), sodium hydroxide solution (ca 50%,
Ricca Chemical Co., Arlington, TX), formaldehyde (ca 37%, Anachemia, Montreal, QC),
acetic acid (ca 99.7%, Caledon Laboratory Chemicals). In the foaming process, the
surfactant used was polyetherpolysiloxane-copolymer (Tegostab B 8462); the blowing
agent was pentane (ca 98%, Caledon Laboratory Chemicals) or hexanes (ca 98.5%, VWR
International LLC); the curing catalyst was p-toluenesulfonic acid (ca 98%, SigmaAldrich); catalyst modifier was glycerol (ca 99.5%, Caledon Laboratory Chemicals).

4.2.2 Synthesis of foamable PF and BPF resole resins
The Synthesis of the foamable BPF resoles using OL at phenol substitution levels of 30
wt.% and 50 wt.% was carried out in a 1000 mL three-necked flask reactor equipped with
a thermometer, addition funnel, cooling condenser. The refluxed flask reactor was heated
in a water bath equipped with a magnetic stirrer. The molar ratio of (phenol+OL) to
formaldehyde for the synthesis of the foamable BPF resoles was 1: 1.3. A conventional
PF resole resin was prepared with the P/F molar ratio of 1: 1.8 as a reference. The BPF
synthesis process is described in brief as follows (the formulation is provided in Table 41): 200 g (phenol + OL) containing a calculated amount of OL based on the target phenol
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substitution level, 50 g water, 18 g 50 wt.% sodium hydroxide solution were combined in
a flask, and then heated to 86 °C for half an hour under magnetic stirring. Next, 226 g
formaldehyde (ca 37 wt.%) was added dropwise to the flask. After 2h reaction, the
obtained resoles were cooled down in a water bath to 60 °C. The pH of resoles was then
adjusted to 5.5-6.5 by the addition of acetic acid. Finally, the resoles were concentrated
using a rotary evaporator under reduced pressure until the solid content of the resins
reached 70-85%.

Table 4-1 Typical foamable PF and BPF resole formulations
Resins

Conventional PF resole

30% BPF resole a

50% BPF resole b

Ingredients

Weights (g)

Phenol

200

Formaldehyde (ca 37%)

312

Sodium hydroxide (ca 50%)

18

OL

60

Phenol

140

Formaldehyde (ca 37%)

226

Sodium hydroxide (ca 50%)

18

OL

100

Phenol

100

Formaldehyde (ca 37%)

226

Sodium hydroxide (ca 50%)

18

a

30% BPF resole means BPF resole at 30% phenol substitution ratio

b

50% BPF resole means BPF resole at 50% phenol substitution ratio

4.2.3 Preparation of PF and BPF foams
The formula for PF and BPF foam preparation involves two fractions. Fraction-1 is a
mixture of a surfactant, a blowing agent, and a foamable resole resin. For instance, to
prepare fraction-1 for the conventional PF foam, 1.2 g polyetherpolysiloxane-copolymer
and 4 g blowing agent were added into 40 g foamable PF resole in a paper cup, followed
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via a mechanical stirring. To prepare Fraction-2, 5.6 g p-toluenesulfonic acid, 2.4 g
distilled water and 2 g glycerol were mixed. Subsequently, Fraction-2 was blended with
Fraction-1 under vigorous agitation for 60 seconds at room temperature, then the blend
was heated at 70 °C for 30 min of curing. The BPF foams with various phenol
substitution levels were prepared in the same formula, as shown in Table 4-2.

Table 4-2 Formulation of PF and BPF foams
Blowing

Distilled

Catalyst

water a

modifier a

(wt.%)

(wt.%)

14

6

1

10

16

6

1

10

16

6

1

Foamable

Surfactant a

resoles

(wt.%)

PF foam

PF

3

10

30% BPF

30% BPF

foam b

resole

3

50% BPF

50% BPF

foam c

resole

3

Foams

agent a
(wt.%)

Catalyst a
(wt.%)

a

Based on the total weight of foamable resole

b

30% BPF resole means BPF foam at 30% phenol substitution ratio

c

50% BPF resole means BPF foam at 50% phenol substitution ratio

4.2.4 Characterization of foamable PF and BPF resole resins
The PH values of all resins were measured using a pH meter (SympHony, H10P, VWR)
and the viscosities were measured at 60 °C on a Brookfield CAP 2000+ viscometer
(Brookfield Engineering Laboratories, Middleboro, MA). The solid contents (nonvolatile
contents) of the resins were determined by oven-drying at 125 °C for 105 min according
to ASTM D 4426-01. The molecular weights and their distributions of the resins were
measured using a Waters Breeze gel permeation chromatograph (1525 binary HPLC
pump; UV detector at 270 nm; Waters Styrange HR1 column at 40 °C) using THF as the
eluant at a flowing rate of 1 ml/min. Polystyrene was used to obtain the calibration curve
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for the GPC measurements. The free formaldehyde levels in the foamable resoles were
analyzed in accordance to ISO 9397 (hydroxylamine hydrochloride method).

4.2.5 Characterization of PF and BPF foams
The apparent densities of all foams were determined in accordance to ASTM D1622. The
samples were cut into cubic specimens using a cutting saw. A minimum of three
specimens were tested. The FTIR spectroscopy was employed to characterize all resoles
and foams at the wavenumber of 550-4000 cm−1. The thermal conductivities of the foams
were measured by KD2 Pro Thermal Properties Analyzer at room temperature after a
Probe was inserted in specimens for 15 minutes to equilibrate at the ambient temperature.
Three specimens were tested for each type of foam sample. Thermogravimetric analysis
(TGA) was carried out to evaluate the thermal stability of the conventional PF and the
BPF foams. Before TGA tests, all foams were dried in an oven at 125 °C for 105 min.
The foam samples were then ground into fine powders and then tested on a
thermogravimetric analyzer (Perkin Elmer Pyris 1 TGA unit). In each run, 5 mg sample
was heated from room temperature to 700 °C at the heating rate of 10 °C/min under a
constant flow of nitrogen of 20 ml/min. The compressive properties of the foams were
measured on a universal testing machine according to ASTM D1621 using specimens
with the dimension of 30 mm×30 mm×25.4 mm at a fixed strain rate of 2.5 mm/min−1.
The compressive strength was determined at various percentages of deformation and the
compressive modulus was calculated as the slope of the stress-strain curve. The tests
were repeated for at least three times. The morphologies of the foams were observed by a
Zeiss 1540XB FIB-SEM.

4.3 Results and Discussion
4.3.1 Characterization of foamable PF and BPF resole resins
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Table 4-3 Physical properties of PF and BPF resole resins
a

Viscosity a

Solid content a

Free formaldehyde

(P, at 60 °C)

(wt.%)

content a (wt.%)

Resole resin

pH value

PF resole

5.67±0.02

1.35±0.05

78.33±0.91

0.68±0.02

30% BPF resole

5.91±0.01

1.68±0.04

79.58±0.65

1.12±0.04

50% BPF resole

5.58±0.02

1.99±0.10

77.14±1.02

1.69±0.02

a Each value represents an average of three samples.

Table 4-3 shows the pH values, viscosities, solid contents, and free formaldehyde
contents in all resole resins. The pH values of all resoles are very similar, within a narrow
range of 5.58-5.91 since after the resole synthesis, the pH values of all resoles were
adjusted to 5.5-6.5 by adding acetic acid after cooling to below 60 °C. The solid contents
of the foamable PF and BPF resoles are also in a narrow range of 77.14-9.58 wt.%,
within the preferred solid content range for the PF foam production [15]. The free
formaldehyde contents of the resoles generally increases with increasing the phenol
substitution level, ranging from 0.68 wt.% to 1.69 wt.%, due to the relatively lower
reactivity of OL compared with phenol.

Table 4-4 Molecular weights and distributions of acetylated foamable BPF and PF
resoles
OL

PF Resole

30% BPF Resole

50% BPF resoles

Mn (g/mol)

720

310

570

770

Mw (g/mol)

2600

1220

2250

3190

PDI a

3.61

3.94

3.95

4.14

a

PDI: polydispersity index = Mw/ Mn

The molecular weight distributions and average molecular weights of the acetylated BPF
and PF resoles, determined by GPC, are shown in Table 4-4. The conventional PF resole
has a low average molecular weight with number-average molecular weight (Mn) of 310,
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weight-average molecular weight (Mw) of 1220, and polydispersity index (PDI) of 3.94.
For the foamable BPF resole resins, Mn, Mw, and PDI has an increase trend with the rise
of OL content in the resole, due to the larger molecular weight of OL and its broad
molecular weight distribution than those of phenol [16].
Figure 4-1 displays the FTIR spectra of the BPF resoles and the conventional PF resole. It
can be seen that the FTIR spectra of the BPF resoles at the phenol substitution ratios of
30 wt.% and 50 wt.% are similar to that of the conventional PF resole, suggesting that the
foamable BPF resoles have a similar molecular structure as the foamable PF resole resin.
All the spectra of the foamable resoles have typical adsorptions of hydroxyl group at
3100-3700 cm-1 (stretching), C-H stretching at 2800-2950 cm-1 , C-O stretching at 1025
cm-1, aromatic C-H at 828/754/694 cm-1, and the characteristic peaks of the
phenolic/aromatic structure at 1600, 1508, 1450, 1223, 828, 754, and 694 cm-1, as
similarly reported in previous studies [16, 17].

Figure 4-1 FTIR spectra of foamable PF and BPF resole resins
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4.3.2 Characterization of PF and BPF foams
4.3.2.1

FTIR analysis of PF and BPF foams

Figure 4-2 FTIR spectra of PF and BPF foams

FTIR spectra of the PF and BPF foams are illustrated in Figure 4-2. The spectra of the
BPF foams are very similar to that of the conventional PF foam, suggesting that the BPF
foams have a similar molecular structure as the conventional PF foam. All foams have
the typical hydroxyl group absorptions between 3300 and 3400 cm-1, C-H stretching
between 2820 and 2926 cm-1, aromatic rings between 1405 and 1510 cm-1, phenolic C-O
stretching at 1204 cm-1, C-O stretching between 1000 and 1050 cm-1, aromatic C-H
between 660 and 845 cm-1. It is also apparent that these absorptions of the foams are also
similar to those of the resole resins, if comparing Figures 4-1 and 4-2, except that some
IR peaks for the foams are weaker than those of the resoles. For instance, the hydroxyl
group and C-O stretching peaks decrease dramatically in the foams’ spectra compared
with the resoles’ spectra, mainly because the release of H2O and CH2O happened during
the curing reactions between methylol groups in the resole.

4.3.2.2

PF and BPF foam densities
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Figure 4-3 Foam density vs. phenol substitution level

Figure 4-3 reveals the dependency of foam density on the phenol substitution with OL.
Clearly, the density of the resulted phenolic foam increases with increasing the phenol
substitution level. For instance, the density of the PF foam is approximately 43 kg/m3,
and it increases to 51 kg/m3 and 67 kg/m3 at phenol substitution levels of 30 wt.% and 50
wt.%, respectively. This is probably because there is not sufficient heat produced for
evaporating the foaming gas due to the lower reactivity of lignin in the BPF resins than
that of phenol in the conventional PF resoles [18]. Moreover, the high viscosities of the
BPF resoles might also restrict the bubble formation. Although the densities of the BPF
foams are higher than that of the conventional PF foam, they are still acceptable for the
applications as insulation materials, or as bear-loading materials that need high
compressive strength.

4.3.2.3

Thermal conductivities of PF and BPF foams

Thermal conductivity is a crucial property of thermal insulation materials for energy
saving in cryogenic and refrigerative applications [19]. As shown in Figure 4-4, all
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phenolic foams have thermal conductivity values in a narrow range of 0.034-0.038
W/m/k and the value increases slightly with the phenol substitution level, likely caused
by the increased foam density [1].

Figure 4-4 Thermal conductivity vs. phenol substitution level

4.3.2.4

Compressive strengths and moduli of elasticity of PF and
BPF foams

The applications of phenolic foams depend on their mechanical properties to a great
extent. Figure 4-5 shows that the compressive strengths of the foams at 10% and 20%
strain and their moduli of elasticity increase apparently with the phenol substitution level.
Specifically, the PF foam has the compressive strength of 0.19 MPa at 10% strain, and
increases to 0.23 MPa at 30% phenol replacement, and continues rising to 0.27 MPa at 50%
phenol replacement. While at 20% strain, the compressive strength of the conventional
PF foam is 0.2 MPa, and it increases to 0.27 MPa for the 50% BPF foam. The modulus of
elasticity of the PF foam is 3.13 MPa and it increases to 3.76 MPa at 30% phenol

74

substitution, and further to 5.02 MPa for the 50% BPF foam. These results might also be
explained by the higher density of the BPF foam with a higher phenol substitution level.
Another possible reason could be that the alkyl side chain with linear structure in OL
would contribute to the toughness of the BPF foams (Hu et al., 2013).

Figure 4-5 Compressive strength and modulus of elasticity vs. phenol substitution
level

4.3.2.5

Thermal stability analysis

TGA was carried out to evaluate the thermal stability of the conventional PF and BPF
foams. Figure 4-6 illustrates the thermogravimetry (TG) - differential thermogravimetry
(DTG) curves for the foams heated in 20 ml/min nitrogen atmosphere at 10 °C/min
between 50 and 700 °C. From the TG and DTG profiles, both the PF and BPF foams
thermally degrade in two temperature regions: 200-350 °C probably due to further cross-
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linking/condensation reactions or the decomposition removal of terminal groups in OL
[17], and 400-550 °C likely resulted from decomposition of bridged methylene and
carbonisation of the phenolic structure. The introduction of OL into the PF resin reduces
the final carbon residue amounts of the BPF foams. Specifically, the carbon residue at
700 °C is 63.4% for the PF foam, while it drops to around 59% for both 30% BPF foam
and 50% BPF foam, probably caused by the loss of numerous side chains from the OL.
Interestingly, the TG curve of OL displays a higher mass residue than the foams at the
temperature of less than 230 °C, but decreases dramatically from 230 to 430 °C. However,
the DTG curve of OL has smaller values than that of the PF foam below 230 °C,
indicating that the OL has excellent thermal stability below 230 °C, which accounts for
the better thermal stability of the BPF foams than that of the conventional PF foam, as
illustrated by the DTG curves. In contrary, OL shows lower thermal stability at the
temperature of greater than 230 °C, which reduces the thermal stability of the resulted
BPF foams. Nevertheless, the BPF foams exhibit comparable thermal resistance to the
conventional PF foam, as the final carbon residue of the 50% BPF foam at 700 °C (59%
carbon residue) is just approximately 4% less than that of the PF foam (63.4%). In
summary, the BPF foams exhibit comparable thermal stability as the conventional PF
foam at all temperatures, suggesting their suitability in many applications as insulation
materials for a wide range of temperatures.
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Figure 4-6 TG and DTG profiles of PF and BPF foams

4.3.2.6

Morphologies of PF and BPF foams

Representative pictures of phenolic foams are shown in Figure 4-7. The red color picture
is the conventional PF foam, while the other two with dark brown color are the 30% BPF
foam and the 50% BPF foam, respectively.
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Figure 4-7 Representative pictures of PF and BPF foams

The cell structure of the PF and BPF foams were observed by SEM and are shown in
Figure 4-8 (a-c). It is clear that the cells in all foams are mostly closed cells, although
there are still some perforations, which could be caused by water present in certain parts
of the phenolic resole [20]. Also, ruptures or debris can be observed in all foams, which
are mainly introduced during the specimen cutting in sample preparation. The PF foam
has relatively more uniform cell size and shape than the BPF foams. For instance, the
BPF foam with 30% phenol substitution level displays a slightly bigger cell size
(432.1~501.3 μm) than the PF foam (341.4~358.1 μm). The reason is that the lower
reactivity of OL makes longer time to curing the BPF resole so that bubble coalescence
happens during the foaming process, leading to bigger cells in the 30% BPF foam [1].
Interestingly, for the BPF foam with 50% phenol substitution level however, its cell size
(~ 250 μm) is smaller than that of either the conventional PF foam or the 30% BPF foam,
which might be due to the high viscosity of the 50% BPF foamable resole, thereby
impinging on the foaming gas to form smaller bubbles.
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(a) Conventional PF Foam (50×)

(b) 30% BPF Foam (50×)

(c) 50% BPF Foam (100×)
Figure 4-8 SEM images of PF (a), 30% (b) and 50% (c) BPF foams

4.4 Conclusions
The bio-based phenol formaldehyde (BPF) foams with organosolv lignin (OL)
substituting up to 50% of phenol were produced successfully. The following conclusion
can be drawn from this study:
1) FTIR measurements indicated that the foamable BPF resoles and BPF foams have
similar molecular structures as the conventional PF resole and PF foam.
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2) The BPF foams with satisfactory closed cell structure had a slightly higher density
(51-67 kg/m3), similar thermal conductivity (0.034-0.038 W/m/k), higher
compressive strength (0.23-0.27 MPa) and modulus of elasticity (3.76-5.02 Mpa)
than the conventional PF foam.
3) The BPF foams exhibited comparable thermal resistance to the conventional PF foam.
The final carbon residue of the 50% BPF foam at 700 °C (59% carbon residue) was
just approximately 4% less than that of the PF foam (63.4%). Thus, the BPF foams
exhibited comparable thermal stability to the conventional PF foam at all
temperatures, suggesting their suitability in many applications as insulation materials
for a wide range of temperatures.
4) The BPF foams displayed closed cell structure similar to the conventional PF foam.
The 30% BPF foam has a cell size of 432.1-501.3 μm, while the 50% BPF foam
displayed a cell size of around 250 μm.
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Chapter 5

5

Preparation of Bio-based Phenol Formaldehyde Foam
using Depolymerized Hydrolysis Lignin

5.1 Introduction
Phenolic foams have attracted much attention as insulating and fire-resistant materials,
because of their high strength/weight ratio, low thermal conductivity, and excellent
flame-retardant properties, including low flammability with no dripping during
combustion, low smoke and toxicity [1, 2]. Currently, both phenol and formaldehyde, the
primary raw materials for the production of phenolic foams, are mostly derived from nonrenewable petroleum resources. With the increasing concerns over the depletion of fossil
fuels and their environmental impact, there is a growing interest in exploring ways to
replace petroleum-derived products for the preparation of phenolic foams, without
sacrificing the properties of the end-use materials/products. One of the potential solutions
is to utilize renewable alternative resources, such as lignin, for replacing petroleum-based
phenolic compounds due to their structural similarity [3]. These renewable phenolic
compounds can be used for preparation of bio-based products, such as plastics and
composites. Therefore, the purpose of using renewable resources is to develop green
routes and techniques while keeping global environment protection of prime importance
[4].
In the past few decades, numerous processes were developed for the utilization of
biomass as a feedstock for chemicals and fuels production via biochemical or
thermochemical conversion technologies. Among these methods, direct liquefaction of
biomass in the presence of water, organic solvents or supercritical fluids has been
extensively studied, which has been considered as one of the most promising routes for
the production of low molecular weight compounds/products [5].
In the past century, many studies were focused on the use of phenol as a solvent with acid
catalysts for biomass liquefaction. For instance, grapevine cane was liquefied using
phenol as a solvent in the presence of sulfuric acid and the phenolated oils obtained were
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successfully used for the production of phenol formaldehyde resins [6]. Moreover, biobased phenolic resins with comparable properties to the conventional PF resin were
produced using bio-oils from the biomass liquefaction in hot-compressed phenol-water [7,
8]. However, negative effects were described with this solvent: (1) a large amount of free
phenol was lost due to the condensation reactions with the degradation products of wood
[9], (2) carbonaceous residue was formed during the liquefaction process [9], and (3)
phenol is extremely toxic. Therefore, phenol has been restricted as a solvent for biomass
liquefaction.
However, solvolytic liquefaction of biomass employing alcohols and water has attracted
much interest in their further utilization for the production of bio-phenols. In the authors’
group, a series of studies were performed on direct liquefaction of Jack pine sawdust in
sub/near-critical water. The results showed that the produced heavy oil products
contained mainly carboxylic acids, phenolic compounds and derivatives, and long-chain
alkanes [10]. Further research was carried out using sub-/super-critical ethanol as a
solvent for the liquefaction of jack pine powder, and showed that phenolic compounds
dominate in the oil [11]. Moreover, the 50 wt.% co-solvent of either methanol-water or
ethanol-water was utilized for the liquefaction of eastern white pine sawdust. The results
indicated that a high bio-oil yield at approximately 65 wt.% and a high biomass
conversion of >95 wt.% can be obtained at the liquefaction temperature about 300 °C for
15 min [12]. The de-polymerization of organosolv lignin was further investigated under
the same reaction conditions and the obtained depolymerized organosolv lignin can be
used as a phenol substitute for the production of phenolic resins at a high substitution
ratio (≥ 50 wt.%) [13]. Bark has also been transformed successfully into bio-crudes with
high conversion rates using an alcohol-water mixture [14]. The obtained oils have
promising applications in bio-phenolic resins as a substitute of phenol.
Although direct liquefaction processes using alcohol and/or water as a solvent or cosolvent mixture were very effective in obtaining high yields of liquefied products and
heavy oils, they still require high temperature and pressure, which is not desirable for
most of the industrial applications. Therefore, the development of an efficient and cost-
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effective liquefaction process has become essential for the production of bio-phenols
from woody biomasses or lignin.
In the past two decades, few studies have been performed on the synthesis of BPF resole
resins using hydrolysis lignin (HL). For example, PF adhesives with 20 wt.% phenol
substitution were synthesized using enzymatic hydrolysis lignin (EHL) by one-step
process and the results showed that the plywood glued with modified adhesive almost
met the first grade plywood Chinese National Standard [15]. When EHL was pretreated
through phenolation for the preparation of PF resins, the phenol substitution can increase
to 60 wt.%, without deteriorating the adhesive strength of PF resin [3]. However, in the
published literature no studies were reported for the preparation of BPF foams using
either EHL or liquefied EHL.
Inspired by previous studies reviewed above, it is thus interesting and of great
significance to depolymerize HL to obtain DHL with reduced molecular weight, followed
by the synthesis of foamable BPF resin and its utilization for the preparation of BPF
foams at high phenol substitution ratios of up to 50 wt.%. Also, a new improved foaming
technology was utilized since conventional foaming technology limits phenol substitution
ratio to only 30% in the preparation of BPF foams [16]. To the best of authors’
knowledge, there is no published literature regarding the improvement of foaming
technology for the preparation of BPF foams using DHL. The main objective of this
study was to synthesize green phenolic foams with high phenol substitution ratios of up
to 50% via a modified foaming technology and then investigate the properties of BPF
foams to evaluate their potential application as the fire resistant and insulation materials.

5.2 Materials and methods
5.2.1 Materials
HL (supplied by FPInnovations) was a byproduct from its proprietary hardwood
fractionation process for bio-products (or called “TMP-bio process). The HL contains
nearly 50-60 wt.% lignin balanced by the residual cellulose and carbohydrates. The
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molecular weight of HL was believed over 20,000 g/mol (not measurable due to its
insolubility in a solvent). Other chemicals used include solid phenol crystal (99%);
sodium hydroxide solution (ca 50%, Ricca Chemical Co., Arlington, TX); formaldehyde
(ca. 37%, Anachemia, Montreal, QC); acetic acid (ca 99.7%, Caledon Laboratory
Chemicals); polyetherpolysiloxane-copolymer (Tegostab B 8462); pentane (ca 98%,
Caledon Laboratory Chemicals); hexanes (ca 98.5%, VWR International LLC); ptoluenesulfonic acid (ca 98%, Sigma-Aldrich); glycerol (ca 99.5%, Caledon Laboratory
Chemicals) .

5.2.2 HL de-polymerization process
The DHL was obtained by a proprietary low temperature/low pressure process developed
by authors’ group (patent pending). The process resulted in a moderately high yield of
DHL (~70 wt.%) with a solid residues (SR) yield of ~10 wt.%.

5.2.3 Synthesis of foamable PF and BPF resole resins
The 30% and 50% foamable BPF resoles were synthesized using DHL to replace phenol
at 30 wt.% and 50 wt.%, respectively. The resin preparation was carried out in a 1000mL, three-necked flask equipped with a thermometer, addition funnel, cooling condenser,
and water bath with a magnetic stirrer. The molar ratio of (phenol+DHL) to
formaldehyde for the resole synthesis was 1:1.3 and 1:1 for the 30 wt.% and 50 wt.%
BPF resins, respectively. A conventional PF resole resin was prepared with the P/F molar
ratio of 1: 1.8 prepared as a reference. In a typical synthesis run for the synthesis of the
30% BPF resin, 60 g DHL, 140 g phenol, 50 g water, and 18 g 50 wt.% NaOH solution,
were loaded into a flask and heated to 86 °C for half an hour under magnetic stirring.
Then, 226 g of formaldehyde (ca 37 wt.%) was added dropwise to the flask. After 2 h
reaction, the obtained resoles were cooled down by placing in a water bath to 60 °C. The
pH of resoles was then adjusted to 5.5-6.5 by using acetic acid. Finally, the resoles were
concentrated on a rotary evaporation under reduced pressure until the resin solid contents
reached about 70-85%. Table 5-1 shows typical foamable PF and BPF resole resin
formulations.
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Table 5-1 Typical foamable PF and BPF resole resin formulations
Resins

PF resole

30% BPF resole a

50% BPF resole b

Ingredients

Mass (g)

Phenol

200

Formaldehyde (ca 37%)

312

Sodium hydroxide (ca 50%)

18

DHL

60

Phenol

140

Formaldehyde (ca 37%)

224

Sodium hydroxide (ca 50%)

18

DHL

100

Phenol

100

Formaldehyde (ca 37%)

172

Sodium hydroxide (ca 50%)

18

a

30% BPF resole means BPF resole with 30% phenol substitution

b

50% BPF resole means BPF resole with 50% phenol substitution

5.2.4 Preparation of PF and BPF foams
The formulation for the preparation of PF and BPF foams involves two fractions.
Fraction-1 consisted of a mixture of surfactant, blowing agent and foamable BPF resole
resin. For instance, to prepare Fraction-1 for PF foam, 1.2 g polyetherpolysiloxanecopolymer, 4 g blowing agent and 40 g foamable PF resole were loaded in a paper cup,
and were then mixed with a mechanical stirrer. To prepare Fraction-2, 5.6 g ptoluenesulfonic acid, 2.4 g distilled water and 2 g glycerol were mixed in a separate
beaker. Subsequently, Fraction-2 was added into the paper cup containing Fraction-1.
The contents were mixed vigorously for approximately 30-40 seconds at room
temperature. The stirred mixture was then placed into a preheated oven at 75 °C for 30
min. The BPF foams with various phenol substitution levels were prepared using same
route except for the amount of p-toluenesulfonic acid, due to lower reactivity of BPF
resole resins when compared with the PF resin, as shown in Table 5-2.
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Table 5-2 Formulation of PF and BPF foams
Foams

Resoles

Surfactant*
(wt.%)

Blowing
agent *
(wt.%)

Catalyst *
(wt.%)

Distilled

Catalyst

water *

modifier *

(wt.%)

(wt.%)

PF

PF

3%

10%

14%

6%

1%

30% BPF

30% BPF

3%

10%

15.5%

6%

1%

50% BPF

50% BPF

3%

10%

16.5%

6%

1%

*Based on the weight of foamable resole

5.2.5 Characterization of foamable PF and BPF resole resins
The pH values of all of the resole resins were measured using a pH meter (SympHony,
H10P, VWR). The viscosities of all of the resoles were measured at 60 °C by Brookfield
CAP 2000+ viscometer (Brookfield Engineering Laboratories, Middleboro, MA). The
solid contents (nonvolatile contents) of the resins were determined at 125 °C for 105 min
according to ASTM D 4426-01. The relative molecular weights of the resins were
measured on a Waters Breeze gel permeation chromatograph (1525 binary HPLC pump;
UV detector at 270 nm; Waters Styragel HR1 column at 40 °C), using THF as the eluent
at a flowing rate of 1 ml/min, with polystyrene standards for GPC calibration.

5.2.6 Characterization of PF and BPF foams
The apparent densities of all foams were determined in accordance to ASTM D1622. The
samples were cut into cubic specimens using a cutting saw. A minimum of three
specimens were tested and the average value was reported. Fourier transform infrared
(FTIR) spectroscopy was used to investigate the variation in functional groups in all PF
and BPF resoles and their respective foams. Transmission mode was used and the
wavenumber range was set from 550 to 4000 cm−1. The thermal conductivities of the
foam samples were measured by a KD2 Pro thermal properties analyzer at room
temperature after 15 minutes (to allow specimens and needles to equilibrate), and the
average value of three samples was reported. The mechanical properties of the foam
samples were measured at ambient conditions on an ADMET universal testing machine
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according to ASTM D1621. A minimum of three specimens with dimensions of 30
mm×30 mm×25.4 mm were tested. Thermogravimetric analysis (TGA) was carried out to
evaluate the thermal stability of the conventional PF and the BPF foams. Before TGA
tests, all foams were dried in an oven at 125 °C for 105 min. The foam samples were then
ground into fine powders and then tested on a thermogravimetric analysis (Perkin Elmer
Pyris 1 TGA unit). In each run, 5 mg sample was heated from room temperature to
700 °C at a heating rate of 10 °C /min under a constant flow of nitrogen of 20 ml/min.
The morphologies of the foams were observed on a Zeiss 1540XB FIB-SEM.

5.3 Results and discussion
5.3.1 Characterization of DHL and resole resins
Table 5-3 displays the molecular weight distributions and average molecular weights of
DHL, the acetylated BPF and conventional PF resoles. DHL shows a low average
molecular weight with number-average molecular weight (Mn) of 640 g/mol, weightaverage molecular weight (Mw) of 1910 g/mol, and polydispersity index (PDI) of 2.98
compared to the original molecular weight of HL (Mw not measureable due to the fact
that it is insoluble in any organic solvents). This indicates that the de-polymerization
process was very effective for reducing the molecular complexity of the HL. For
foamable BPF resole resins, Mn, Mw and PDI presented in Table 5-3 show an increasing
trend with the increase of DHL ratio, which can be explained by the relatively larger
molecular weight and broader molecular weight distribution of DHL compared with
petroleum-based phenol [17].
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Table 5-3 Molecular weights and their distributions of DHL, foamable BPF and PF
resoles
Items

DHL

PF Resole

30% BPF resole

50% BPF resole

Mn (g/mol)

640

310

640

650

Mw (g/mol)

1910

1220

2210

3080

Polydispersity

2.98

3.94

3.45

4.74

The pH values, viscosities and solid contents of all resole resins are shown in Table 5-4.
It can be seen clearly that the pH values of all resoles are very similar within a narrow
range of 5.68-5.98 since acetic acid was added in the synthesized resole after cooling
down the temperature of resoles to below 60 °C. The solid contents of the foamable PF
and BPF resoles are in range of 73.12-80.34 wt%, which were controlled on a rotary
evaporation between 70 wt.% and 85 wt.%, as recommended in literature as a preferred
range [18]. The viscosity of the resin increases with the increase of phenol substitution
ratio from 1.29 for the PF resole to 1.94 for the 50% BPF resole, mainly due to the higher
molecular weight of DHL compared to petroleum-based phenol.

Table 5-4 Viscosities, pH values, and solid contents of all resole resins
Resole resin

pH value a

Viscosity a (P, at 60 °C)

Solid content a (%)

PF resole

5.98±0.03

1.29±0.08

80.34±0.89

30% BPF

5.71±0.01

1.59±0.11

76.54±1.02

50% BPF

5.68±0.02

1.94±0.15

73.12±2.11

a

Each value represents an average of three samples.

5.3.2 FTIR
Figure 5-1 illustrates the FTIR spectra of the PF and BPF resoles and their respective
foams. It can be seen that the FTIR spectra of all BPF resoles are very similar to that of
the PF resole. A possible explanation for this is that the foamable BPF resoles have
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similar molecular structure as the PF foamable resin. The typical infrared absorptions
consist of hydroxyl group at 3100-3700 cm-1 (stretching), C-H stretching at 2800-2950
cm-1, C-O stretching at 1025 cm-1, and aromatic C-H at 828 cm-1, 754 cm-1, 694 cm-1. The
characteristic peaks of the phenolics can be seen at 1600, 1508, 1450, 1223, 828, 754,
and 694 cm-1, as similarly reported in previous studies [17, 19].

Figure 5-1 FTIR spectra of PF and BPF resole resins and foams

The spectra of the BPF foams are also very similar to that of the PF foam, suggesting that
the BPF foams have a molecular structure similar to the PF foam. All of the foams have
the typical hydroxyl group absorptions between 3300 and 3400 cm-1, C-H stretching at
2820- 2926 cm-1, aromatic rings at 1405-1510 cm-1, phenolic C-O stretching at 1204 cm-1,
C-O stretching between 1000 and 1050 cm-1, and aromatic C-H absorption at 660-845
cm-1.

5.3.3 Effects of DHL addition on density of BPF foams
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Figure 5-2 Effects of DHL addition on density of PF and BPF foams

The density variations of the PF and BPF foams are shown in Figure 5-2. The reference
PF foam density is approximately 43 kg/m3, and it decreases slightly to 40 kg/m3 when
30 wt.% phenol is substituted by DHL. This is probably caused by the lower reactivity of
the BPF resole compared with the PF resole. Thus, the curing time of the BPF resole
becomes longer than that of PF resole, which favors blowing agent to evaporate to form
low density foams. This kind of superlight foams can be used as the insulation and fireresistant materials. However, a further increase in the phenol substitution ratio to 50%
using DHL results in high density foams (108 kg/m3). This is probably due to the fact that
the heat produced from foaming process may not be enough for evaporating the foaming
agent and also crosslinking density of the BPF foams may not be large enough for
building cell wall to entrap the foaming gas, due to the lower reactivity of lignin in the
foamable BPF resins compared to that of phenol in the conventional PF resoles [20].
Moreover, the high viscosity of the BPF resoles might restrict the bubble formation.
Although the BPF foam with 50% phenol substitution has higher density than the PF
foam, it could be used for load-bearing applications.
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5.3.4 Effects of DHL addition on thermal conductivity of BPF foams

Figure 5-3 Effects of DHL addition on thermal conductivity of BPF foams

Thermal conductivity is a critical property for thermal insulation materials for energy
saving in cryogenic and refrigerative applications [21]. As shown in Figure 5-3, all PF
and BPF foams exhibit thermal conductivity values in the range of 0.033-0.040 W/m/k.
Thermal conductivity decreases marginally to 0.033 W/m/k at 30% phenol substitution,
and then it increases to 0.040 W/m/k with the increase of phenol replacement to 50%,
while the thermal conductivity of the reference PF foam is 0.034 W/m/k. The main
reason for the increase in thermal conductivity of BPF foams is likely due to the
increased foam density [1].

5.3.5 Effects of DHL addition on compressive strength of BPF foams
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Figure 5-4 Effects of DHL addition on compressive strength of BPF foams

The stress–strain curves of the PF and BPF foams are shown in Figure 5-4. It is
interesting to note that all curves have a similar increasing trend. It can be observed that
the reference PF foam has higher compressive strength (0.175 MPa) than the BPF foam
(0.152 MPa) prepared with 30% phenol substitution ratio, while the 50% BPF foam
shows higher compressive strength (0.405 MPa) than PF foam. The main reason could be
attributed to their foam density, because the mechanical strength properties are generally
proportional to the foam density [1]. The other possible reason could be the branched
structure of aromatics and alkyl side chains in the bio-oil that contributes to the strength
of the BPF foams [22]. The elastic moduli of the BPF foams show the same trend as the
compressive strength, providing 7.56 MPa, 2.16 MPa and, 2.86 MPa for the 50% BPF, 30%
BPF and PF foams, respectively.
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5.3.6 Thermal stability analysis

Figure 5-5 TG and DTG profiles of PF and BPF foams

The thermal stabilities of all foam samples were investigated by TGA in 20 ml/min N2
flow heated from 50 °C to 700 °C at 10 °C /min. Figure 5-5 displays the
thermogravimetry (TG)-differential thermogravimetry (DTG) profiles of all foam
samples in nitrogen atmosphere. As shown in Figure 5-5, all foams are thermally stable at
the temperatures of up to 200 °C. However, after that, the thermal degradation of the PF
and BPF foams occurs in two temperature regions: the first range of 200-350 °C is
probably due to further cross-linking/condensation reactions and the decomposition
removal of terminal groups, and the second range of 350-550 °C is due to the
decomposition of bridged methylene and the further degradation of phenols to
carbonaceous structures. It can been seen clearly that the introduction of DHL into the
BPF foam lowers its final mass residue. For instance, the carbon residue at 700 °C is
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approximately 64.61% for the PF foam, compared with 58.19% and 49.41% for the 30%
and 50% BPF foams, respectively. The reduction in the amount of mass residues from the
BPF foams with an increased phenol substitution ratio is probably due to the loss of the
numerous side chains in DHL.

5.3.7 Morphologies of PF and BPF foams

Figure 5-6 Representative stereoscopic and SEM images of PF and BPF foams

Figure 5-6 shows representative stereoscopic and SEM images of the PF and BPF foams.
It can be seen that the cells in all foams are mostly closed. However, there are still some
perforations, which may be caused by water present in foamable phenolic resole [23].
Also, ruptures or debris can be observed in all foams, which are mainly due to the cutting
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issue in sample preparation. The 30% BPF foam displays similar cell structure and size
with the conventional PF foam that has relatively uniform size and regular cell shape.
However, the 50% BPF foam contains both bigger and smaller cell sizes than the PF
foam. The reason would be that the lower reactivity of DHL than petroleum phenol
reduces the crosslinking density of the resulted BPF foams, especially when phenol
substitution ratio is 50%, which makes foamable BPF resole difficult to entrap the
foaming gas during foaming process, leading to slightly bigger or smaller cells.

5.4 Conclusions
1) Bio-based phenol formaldehyde (BPF) foams were successfully prepared by
substituting phenol up to 50 wt.% with depolymerized hydrolysis lignin (DHL).
Physical, mechanical, thermal and morphological properties of all foams were found
to be strongly dependent on the phenol substitution ratio.
2) FTIR measurements indicated that the foamable BPF resoles and BPF foams have
structures very similar to the conventional PF resole and foam.
3) The prepared 30% BPF foam had similar apparent density (40 kg/m 3), compressive
strength (0.152 MPa), elastic modulus (2.16 MPa) and thermal conductivity (0.033
W/m/k) with the PF foam. However, 50% BPF foam exhibited higher apparent
density (108 kg/m3), higher compressive strength (0.405 MPa) and elastic modulus
(7.56 MPa) than the PF foam, Thus, the 30% BPF foam can be used as lightweight
insulation materials, while the 50% BPF foam has the potential for load-bearing
applications.
4) Both 30% and 50% BPF foams had excellent thermal stability at temperatures of up
to 200 °C. The 30% BPF foam displayed similar cell structure with the conventional
PF foam, while the 50% BPF foam contained both slightly bigger and smaller cells
than the PF foam.
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Chapter 6

6

Preparation and Characterization of Bark-derived
Phenol Formaldehyde Foams

6.1 Introduction
Thermal insulating materials are important in diverse fields, such as civil construction
and manufacture of military aircrafts and marine vessels, due to their ability of energy
consumption reduction. Rigid closed cell phenolic foam has been attracting a great deal
of attention as a thermal insulating material, because of its low thermal conductivity and
exceptional flame-retardant properties, including low flammability with no dripping
during combustion, low smoke and toxicity (FST) [1, 2]. For instance, phenolic foam
composites used in building exterior walls and roofs could reduce the rate of heat
transmission across these building elements and frequency of fire accidents [3]. Moreover,
the high chemical-resistance of phenolic foam and its low price make it attractive in
applications where chemicals are presented [4].
The primary raw materials for phenolic foams, including phenol and formaldehyde, are
currently obtained from petroleum. Environmental and sustainability concerns of the
fluctuating cost of crude oil have renewed interest in using biomass as a source of
oxygenated compounds, such as phenols, organic acids and alcohols [5]. Forest or
agricultural lignocellulosic biomass typically contains 15-35% lignin [6]. Lignin is an
amorphous natural polymer, composed of phenyl propane units. Thus, it is considered to
be a potential source of phenolic compounds for the synthesis of bio-based phenolic
resins [7]. Bark is an abundant forestry residue in Canada, which is typically burned as a
hog fuel for energy recovery [8]. However, bark with a high lignin content (up to 40-50
wt.%) is a potential feedstock for the production of phenolic compounds after the
liquefaction into bio-crude oils [9].
In the past decades, extensive studies had been performed on the synthesis of bio-based
phenol formaldehyde (BPF) foams using bio-phenols. However, the phenol substitution
ratio in BPF foams is limited to about 30%, even when pretreatments were utilized, such
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as phenolation and oxidation, because of the low reactivity and high molecular weight of
BPF resoles compared with commercial PF resins [10]. Two approaches can be taken to
produce BPF foams at a higher phenol substitution ratio, and with uniform cell structures
and satisfactory properties. One approach is to enhance the reactivity of bio-based
phenolic resins by improving the quality of bio-phenols. The authors’ group has been
successful on direct liquefaction of bark or woody biomass in water/ethanol mixture to
produce more reactive bio-oils for various applications [9, 11-14], including the synthesis
of BPF resins [6, 7, 15-17]. The synthesized BPF resins have a phenol substitution ratio
as high as 75%, without sacrificing the physical/chemical properties of the resins
compared with conventional PF resins. The other approach is to manipulate the
parameters of the foaming process in accordance to the characteristics of BPF resole
resins, in order to develop an optimal foaming technology for BPF foams. Phenolic foam
is commonly produced by dispersing a gas through a liquid foamable phenolic resin
phase, followed by stabilizing the foaming system. The foam formation process involves
bubble formation, bubble growth, and bubble stabilization [1]. Delaying the bubble
formation and growth during foaming process could provide more time for the
crosslinking of the low reactivity BPF resins. In this case, the use of the blowing agent
with a high boiling point is preferable for slowing down cell formation during the
crosslinking of foamable BPF resoles under acidic conditions. Besides, it is desirable to
add more acid to enhance the crosslinking of BPF resins and avoid excess coalescence of
bubbles, thereby controlling the process of bubble stability for the production of BPF
foams with uniform and fine cell structure.
Based on our preliminary studies, white birch bark was chosen as feedstock to produce a
high quality phenolic bio-oil via a hydrothermal liquefaction in this study. The foamable
BPF resoles were prepared through the resinification of a bark-derived oil, phenol, and
formaldehyde under alkaline conditions. The BPF foams were then produced by mixing a
blowing agent, a surfactant and a curing agent with the synthesized BPF resoles. The
obtained resoles and foams were characterized in terms of physical, mechanical, thermal
and morphological properties.
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6.2 Experimental
6.2.1

Materials

White birch bark used in this study was obtained from a local sawmill in Northwestern
Ontario, Canada. The white birch bark was separated to inner bark and outer bark and air
dried, then ground into particles of less than 20 mesh, and finally oven dried at 105 °C for
24 h before use. The white birch barks consists of 37.98% cellulose, 28% hemicellulose,
and 34.02% lignin after extraction [9]. The extractive content of the bark (the ground air
dried inner and outer white birch barks) was determined through lixiviation in acetone,
ethanol, and ethanol/water (1:2 v/v), respectively, at room temperature for 24 hours. The
extractive mass was obtained by rotary evaporation of extractive filtrate to completely
remove the solvent at 50-70 °C under reduced pressure, and the extractive content (%)
was calculated based on the mass of oven-dried bark, as shown later in Table 6-1. ACS
reagent-grade ethanol (Fisher Scientific, Batescille, IN), acetone (Fisher Scientific, Fair
Lawn, NJ), solid phenol crystal (99%, J. T. Baker, Phillipsburg, NJ), sodium hydroxide
solution (ca 50%, Ricca Chemical Co., Arlington, TX), formaldehyde (ca 37%,
Anachemia, Montreal, QC), and Acetic acid (ca 99.7% Caledon Laboratory Chemicals,
Sigma-Aldrich). Surfactant: polyetherpolysiloxane-copolymer (Tegostab B 8462);
blowing agent: hexanes (ca 98.5%, VWR International LLC); curing catalyst/agent: ptoluenesulfonic acid (ca 98%, Sigma-Aldrich) and catalyst modifier: glycerol (ca 99.5%,
Caledon Laboratory Chemicals).

6.2.2

Preparation of bark-derived oils by hydrothermal liquefaction

The hydrothermal liquefaction of white birch barks (inner bark and outer bark) was
performed in a 500 mL stirred reactor. In a typical run, 25 g bark and 250 mL ethanolwater (50:50, v/v) mixed solvent were charged into the reactor, followed by three cycles
of evacuation-N2 purge for removing the residual air in the reactor. Then the reactor was
pressurized to 2.0 MPa using N2. The reactor was heated to 300 °C under constant
stirring and further kept for 15 min at the reaction temperature. The reaction conditions
used in this study were used from our previous study on bark liquefaction [9]. Then
liquefaction reaction was stopped by quenching the reactor in a water/ice bath. The liquid
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and solid residues in the reactor were washed using acetone, and collected and filtered.
The bark-derived oil was obtained through the evaporation of filtrate and stored in the
fridge for the preparation of the foamable BPF resole resins.

6.2.3

Synthesis of foamable BPF resins

The conventional PF resole resin with the P/F ratio was 1: 1.8 prepared as the reference
sample. For the bio-based resoles, however, we did not using the same high F/P ratio
mainly, due to the fact that the bark-oil (lignin-based oil) has less quantities of reactive
para- and ortho- positions on the benzene ring when compared with petroleum-based
phenol. The molecular weight (Mw) of phenol is 94 g/mol with 3 reactive positions on the
benzene ring, while we assume that Mw of monomer lignin unit (i.e., coniferyl alcohol
unit, C10H14O3) is approximately 184 g/mol with 1 reactive position on the ortho-position
of the benzene ring. Thus, apparently the bark lignin-derived oil has less reactive cites
compared with phenol, when reacting with formaldehyde. In order to control the free
formaldehyde contents of the BPF resoles to an acceptably lower level, we purposely
lowered the F/P molar ratio to be 1.3:1 according to some previous work by the authors’
group and some literature work [6, 7].
The synthesis of foamable BPF resoles with different phenol substitution levels using the
bark derived bio-oils was carried out in a 1000-mL three-neck flask equipped with a
thermometer, addition funnel, cooling condenser, and water bath with a magnetic stirrer.
The ratio of (phenol+lignin) to formaldehyde in the BPF resoles synthesis was fixed at
1.3:1. In a typical run for the BPF resin synthesis, 120 g bio-oil and phenol, 30 g water,
10.2 g 50 wt.% sodium hydroxide solution were charged into a flask and then the flask
was heated to 80 °C for 1 hour with magnetic stirring. Next, 135 g formaldehyde (ca 37%)
was added dropwise to the flask. At the same time, the temperature of the water bath was
adjusted to 86 °C. After reaction for 2 h, the obtained resole was cooled down in a water
bath to 60 °C. The pH of resole was then adjusted to 5.5-6.5 by adding acetic acid.
Finally, the resole was concentrated by the evaporation under reduced pressure until the
solid contents of resins reached 70-85 wt.%.
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6.2.4

Preparation of BPF foams

The formula for the PF foam or BPF foam involves two fractions. Fraction -1 is a mixture
of a surfactant, a blowing agent and a foamable resole resin. For instance, to prepare
Fraction-1 for the conventional PF foam, 1.2 g polyetherpolysiloxane-copolymer and 4 g
hexanes (50-70 °C) as a blowing agent was added into 40 g foamable PF resole in a paper
cup, stirred with a mechanical stirrer. To prepare Fraction-2, 5.6 g p-toluenesulfonic acid,
2.4 g distilled water and 2 g glycerol were mixed. Subsequently, Fraction-2 was blended
with Fraction-1 by vigorous agitation for 30 seconds at room temperature before it was
moved into a preheated oven at 60-80 °C for 30 min. The BPF foams with various phenol
substitution levels were prepared in the same formula except that different amounts of ptoluenesulfonic acid (6.2 g for the BPF foams with 25% phenol substitution and 6.8 g for
the BPF foams with 50% phenol substitution) were used, due to the much lower
reactivity of the BPF resole resins compared with the PF resin.

6.2.5

Characterization of foamable BPF and PF resins

The pH values of all synthesized foamable resole resins were measured using a pH meter
(SympHony, H10P, VWR). The viscosities of all BPF resoles was measured at 60 °C on
a Brookfield CAP 2000+ viscometer (Brookfield Engineering Laboratories, Middleboro,
MA). The solid contents (nonvolatile contents) of all resins were determined at 125 °C
for 105 min according to ASTM D 4426-01. The molecular weights and their
distributions of the foamable resoles were measured on a Waters Breeze gel permeation
chromatograph (GPC) (1525 binary HPLC pump; UV detector at 270 nm; Waters
Styrange HR1 column at 40 °C), using THF as the eluant at a flow rate of 1 ml/min. The
GPC was calibrated using polystyrene standards. The free formaldehyde contents in the
foamable resoles were analyzed by the hydroxylamine hydrochloride method in
accordance to ISO 9397. The free phenol contents of the resoles were measured using a
Gas Chromatography/Mass Spectrometry (GC/MS) (Agilent 7890B GC, 5977AMSD),
equipped with an Agilent DB-35ms column, and pre-calibrated with pure phenol
compound. For the GC/MS analysis, 0.04 g resin sample was diluted with 1.00 g ethanol
to prepare a diluted sample for injection. The temperature program for the GC was:
120 °C (hold for 2 min)  250 °C (50 °C/min, hold for 2 min).
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6.2.6

Characterization of BPF and PF foams

The apparent densities of the foams were determined in accordance with ASTM D1622.
The samples were cut in cubic specimens. A minimum of three specimens with the same
formula were tested. FTIR spectra were collected on a Perkin Elmer Frontier FTIR to
characterize the bio-phenols, the PF/BPF resoles, and the prepared PF/BPF foams, using
transmission mode in the wavenumber range of 550 to 4000 cm−1. The thermal
conductivities of the foams were measured using a KD2 Pro Thermal Properties Analyzer
at room temperature. Three specimens were tested for each type of foam sample. The
compressive strengths of the foams were measured on an ADMET Expert 7600 universal
test machine according to ASTM D1621, with a fixed strain rate at 2.5 mm/min−1. The
compressive moduli were calculated from the slope of the stress-strain curves, and a
minimum of three specimens were tested for each type of foam. The morphologies of the
foams were observed by a Zeiss 1540XB FIB-SEM.

6.3 Results and Discussion
6.3.1

Mechanism for BPF foam production

The BPF foam production process in this work involves three stages, including bark
liquefaction for bio-oils, foamable BPF resole resin synthesis, and BPF foam production.
The first process is the hydrothermal liquefaction of bark. The bark mainly consists of
cellulose, hemicellulose, and lignin, all of which are macromolecules and can be
degraded into oligomeric and monomeric compounds through thermochemical
technologies. For instance, Figure 6-1 shows the possible cleavage of β-O-4 linkage in
bark lignin [14].
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Figure 6-1 Cleavage of β-O-4 linkage in the lignin
Then, the bark-derived PF resole resins can be synthesized by reacting formaldehyde at
the ortho-position of phenolic compounds in the bark-derived oils, which is quite similar
to the reaction between phenol and formaldehyde. Figure 6-2 illustrates a possible
reaction for the synthesis of the foamable BPF resole resins using bark-derived oils under
alkaline conditions [18-20].

Figure 6-2 Possible reactions for synthesis of foamable BPF resins

Furthermore, the BPF foams are produced by mixing the foaming agent, surfactant, and
curing agent. Figure 6-3 shows the possible crosslinking reaction in the BPF foam
production using the foamable BPF resoles [18]. Similar to the conventional PF resole,
the foamable BPF resoles are mainly cross-linked through methylene and ether linkages
between benzene rings during the curing process, which can be proved by the similar FTIR spectra of the synthesized BPF resins and the reference PF resin (see Figure 6-4).
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Figure 6-3 Possible crosslinking reactions involved in the production of BPF foams

6.3.2

Characterization of bark-derived BPF resoles

The extractive content of feedstock is given in the Table 6-1, depending on the extraction
solvents. As shown in the table, the extractives yields from the soxhlet extraction of outer
birth bark, using acetone, ethanol, and ethanol/water (1:2, v/v) solvents, are 22.12%,
26.38%, and 26.62%, respectively, which are much higher than that from the inner bark
(2.81%, 3.72%, and 6.16%), correspondingly. In addition, the chemical compositions of
outer white birch bark and inner white birch bark vary a lot. Outer bark is composed of
more cellulose than inner bark, while the inner bark contains more lignin [21]. Thus,
inner bark and outer bark were separately used for the bio-oil production in this study.

Table 6-1 Soxhlet extraction of birch bark for 24 hours
Extractives
sources
Whole
birch bark
Inner birch
bark
Outer birch
bark

Extractives content* /%
Ethanol/water

Acetone

Ethanol

13.11 ±1.33

11.55 ±0.83

11.18 ±2.29

2.81 ±0.35

3.72 ±0.16

6.16 ±0.56

22.12 ±2.41

26.38 ±0.08

26.62 ±3.51

* Based on oven dried bark mass

(1:2, v/v)
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The obtained bio-crude oils were used as bio-phenols to substitute phenol at phenol
substitution levels of 25 wt.% and 50 wt.%, respectively, for the preparation of the
foamable BPF resoles. Although conventional PF resoles are commonly synthesized at
formaldehyde/phenol (F/P) molar ratios of 1.6-2.1:1 [22], this study applied a F/P molar
ratio of 1.3:1 for the synthesis of the BF and BPF resoles, due to the less reactive sites in
the bio-phenols (para- and ortho-positions) compared with petroleum-based phenol. The
resulted bark-derived BPF resoles are denoted as: 25% BPF-outer bark, 50% BPF-outer
bark, 25% BPF-inner bark and 50% BPF-inner bark. Physical properties of the PF and
bark-derived foamable BPF resoles, such as pH values, viscosities, solid contents, free
formaldehyde contents, and free phenol contents, are presented in Table 6-2.

Table 6-2 Physical properties of foamable PF and bark-derived BPF resoles
Resoles

PF
25% BPFouter bark b
50% BPFouter bark c
25% BPFinner bark d
50% BPFinner bark e

Free

Viscosity a

Solid content

(P, at 60 °C)

a

5.67 ±0.02

1.35 ±0.05

78.3 ±0.9

0.68 ±0.02

3.10±0.01

5.76 ±0.01

1.69 ±0.06

73.7 ±0.8

0.31 ±0.03

2.12±0.01

5.56 ±0.01

1.83 ±0.08

77.5 ±0.6

1.12 ±0.04

0.92±0.01

5.85 ±0.02

1.59 ±0.04

76.9 ±0.9

0.12 ±0.03

1.71±0.02

5.54 ±0.01

1.78 ±0.06

74.4 ±0.4

0.98 ±0.05

0.44±0.03

pH value a

(wt.%)

formaldehyde
content a (wt.%)

Free phenol
content a (wt.%)

a

Each value represents an average of three samples.

b

25% BPF-outer bark means BPF resole with 25% phenol substitution using outer bark-derived oil

c

50% BPF-outer bark means BPF resole with 50% phenol substitution using outer bark-derived oil

d

25% BPF-inner bark means BPF resole with 25% phenol substitution using inner bark-derived oil

e

50% BPF-inner bark means BPF resole with 50% phenol substitution using inner bark-derived oil
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The pH values of all resoles are very similar, within the narrow range of 5.5-5.9 since
after the resole synthesis, the pH values of all resoles were adjusted to 5.5-6.5 by adding
acetic acid. The solid contents of all resoles are also in a narrow range (73.67-79.34 wt.%)
controlled through the rotary evaporation to remove some water. As confirmed in some
previous work, the solid content of 70-80 wt.% was considered to be the most preferable
for the BPF foams production, because the viscosity of the resole could increase rapidly
if the solid content of BPF resoles is over 80%, bringing about a great handling difficulty
during the mixing process [23]. However, if the solid content of the resole is too low, the
presence of excess water could cause perforations in the cell walls and even contribute to
the rupturing of cell walls [23]. It should be noted that the solid content (74.4±0.4 wt.%)
of the BPF resole with 50% phenol substitution using inner bark-derived oil was
purposely controlled to be slightly lower than that (76.9±0.9 wt.%) of the BPF resole
with 25% phenol substitution using inner bark-derived oil, in order to lower its viscosity,
so as to facilitate the foaming process for the BPF resin with a high phenol substitution
ratio. The free formaldehyde contents of the resoles range from 0.09 wt.% (the PF resole)
to 0.12 wt.% (the 50% BPF-outer bark). Generally, the free formaldehyde content of the
resole increases with the increasing phenol substitution level, suggesting the lower
reactivity of bark-derived bio-oil than phenol. The free phenol content in BPF resoles
decreases with increasing the phenol substitution level as expected, because phenol is
more reactive towards formaldehyde than the bio-phenols (bark-derived bio-oil), as
similarly observed in a previous study [6].
Molecular weights and distributions of all resole resins in comparison with the barkderived bio-oils are shown in Table 6-3. The inner bark-derived bio-oil has a slightly
smaller average molecular weight than the outer bark-derived bio-oil. Compared with the
original bio-oils, all BPF resoles have a much higher weight average molecular weight
(Mw) or number average molecular weight (Mn), implying successful resinification
reactions between the bio-oil and formaldehyde.
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Table 6-3 Molecular weights and distributions of tacetylated bark-derived BPF and
PF resoles in comparison with inner and outer bark-derived bio-oils
Samples

Mn (g/mol)

Mw (g/mol)

PDI

Inner bark bio-oil

292

841

2.88

Outer bark bio-oil

311

1076

3.45

PF Resole

310

1220

3.94

25% BPF-inner bark 603

1625

2.69

50% BPF-inner bark 843

2197

2.61

25%BPF-outer bark

624

1742

2.79

50%BPF-outer bark

790

2377

3.01

Figure 6-4 illustrates the FTIR spectra of the bark-derived BPF resoles and the
conventional PF resole. Clearly, the FTIR spectra of all BPF resoles are similar to that of
the conventional PF resole, suggesting that the BPF resoles have a similar molecular
structure as the conventional PF resole. All resoles have typical adsorption peaks of
hydroxyl group at 3100-3700 cm-1 (stretching), C-H stretching at 2800-2950 cm-1, C-O
stretching at 1025 cm-1, and aromatic C-H at 828/754/694 cm-1. Nevertheless, the FTIR
spectra of the BPF resoles exhibit some differences from that of the conventional PF
resole, due to the presence of complicated linkages in the bio-oils component. For
example, the intensities of characteristic peaks of bark-derived BPF resoles at 1600, 1508,
1450, 1223, 828, 754, and 694 cm-1 are weaker at higher phenol substitution levels,
because of less phenolic/aromatic structure in bark-derived oils compared with
petroleum-based phenol, as similarly reported in some previous studies [6, 7].
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Figure 6-4 FTIR spectra of conventional PF and bark-derived BPF resoles

6.3.3

PF and BPF foams characterization

The FTIR spectra of the bark-derived BPF foams and the conventional PF foam are
compared in Figure 6-5. Again, the spectra of all BPF foams are very similar to that of
the conventional PF foam, implying that the BPF foams have a similar chemical structure
as the conventional PF foam. All of the foams have the typical hydroxyl group
absorptions between 3300 and 3400 cm-1, C-H stretching between 2820 and 2926 cm-1,
aromatic rings between 1405 and 1510 cm-1, phenolic C-O stretching at 1204 cm-1, C-O
stretching between 1000 and 1050 cm-1, aromatic C-H between 660 and 845 cm-1. It is
also obvious that the spectra of the foams are similar to those of the resoles, if comparing
Figures 6-5 and 6-4.
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Figure 6-5 FTIR spectra of conversional PF and bark-derived BPF foams

Table 6-4 shows the densities, compressive strengths, elastic moduli, and thermal
conductivities of the bark-derived BPF foams compared with the conventional PF foam.
The densities of inner-bark BPF foams are generally smaller than those of outer-bark
BPF foams, which is probably due to the fact that the outer bark of white birch contains
4-7 times as many extractives as the inner bark (Table 6-1). The extractives would affect
resin synthesis and foam formation as well as the foam density [24]. As a result, liquefied
inner bark of birch is a more suitable source of bio-phenols for the production of the lowdensity BPF foams than outer birch bark. On the other hand, as clearly shown in Table 64, the densities of BPF foams increase with increasing the phenol substitution ratio. This
finding could be resulted from the poorer foaming capability of the BPF resole due to its
higher viscosity and larger Mw.
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Table 6-4 Densities, compressive strengths, elastic moduli, and thermal
conductivities of conventional PF and bark-derived BPF foams

Foam
sample

PF
25%BPFinner bark
50%BPFinner bark
25%BPFouter bark
50%BPFouter bark
a

Density a
3

(kg/m )

Compressive

Compressive

strength at

strength at

10% strain

a

20% strain

a

MOE

Thermal

elasticity a

conductivity a

(MPa)

(W/m/k)

(MPa)

(MPa)

43.4±1.3

0.19±0.02

0.20±0.02

3.13±0.10

0.034±0.001

78.2±2.3

0.44±0.04

0.55±0.03

7.63±0.91

0.038±0.002

134.4±4.1

0.79±0.06

0.89±0.05

10.19±1.41

0.043±0.005

89.3±3.0

0.55±0.04

0.63±0.02

9.31±1.10

0.040±0.003

174.1±5.5

1.00±0.11

1.19±0.07

14.61±1.68

0.051±0.004

Each value represents an average of five samples.

The compressive strengths at 10% and 20% strain and moduli of elasticity of the foams
increase dramatically with increasing the phenol substitution level, which could be due to
the fact that the BPF foam with a higher phenol substitution level has a higher density
and thus a better compressive property. The other possible reason could be related to the
branched structure of aromatics and alkyl side chains in the bio-oil, contributing to the
better compressive strength of the BPF foams [25]. It is an interesting observation that
the compressive strengths of the foams prepared from outer bark are better than those
prepared form inner bark. This is likely because mechanical strength properties are
generally proportional to the foam density [1]. As shown in Table 6-4, the BPF foamsouter bark have higher foam densities than the BPF foams-inner bark, which might
account for their higher compressive strength.
The thermal conductivities of the conventional PF and BPF foams are compared in Table
6-4. The thermal conductivities of all foams range from 0.03 W/m/k to 0.05 W/m/k, but
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the value increases with the increasing foam density or the phenol substitution level in the
BPF resole. Nevertheless, the thermal conductivities of all bark-derived BPF foams
prepared in this study are comparable to those of most phenolic foams (0.04-0.08 W/m/k
for the foam densities of 40-200 kg/m3) [26].
The SEM morphologies of the BPF foams and conventional PF foam are shown in Figure
6-6. It can be observed that all BPF and PF foams display satisfactory cell structure and
mostly closed cells, although some perforations and ruptures can be found in these foams,
which is due to the presence of water [27] and the cutting operation for sample
preparation. The BPF foams show better and smoother cell structure than the reference
PF foam, which is probably due to the fact that the BPF resins have higher viscosities
than the PF resin to entrap the bubble. Thus, that would facilitate the stabilization of the
foam before curing. The BPF foams-inner bark (Figures 6-6b and 6-6d) show finer and
more uniform cell structure than the BPF foams-outer bark (Figures 6-6c and 6-6e),
suggesting that the inner bark oil is more reactive than the outer bark oil. Accordingly,
the BPF foams-outer bark would take more time in the curing process of the resin, which
makes it difficult to entrap the blowing agent and keep the cell walls from cell
coalescence. The 25% BPF foams (Figures 6-6b and 6-6c) exhibit more uniform pore
structure than the 50% BPF foams (Figures 6-6d and 6-6e), most likely because the barkderived oil has less reactive para- and ortho- position in the benzene ring compared with
petroleum-based phenol.

(a) Conventional PF Foam (50 ×)
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(b) 25%BPF foam-inner bark (100 ×)

(d) 50%BPF foam-inner bark (50 ×)

(c) 25%BPF foam-outer bark (100 ×)

(e) 50%BPF foam-outer bark (50 ×)

Figure 6-6 SEM morphology of PF foam (a) and the bark-derived BPF foams (b ~ e)

6.4 Conclusions
The bark-derived oils obtained through a hydrothermal liquefaction of inner/outer white
birch barks were successfully applied in the synthesis of the foamable BPF resoles and
foams at phenol substitution levels of up to 50 wt.% employing a new foaming
technology. The following conclusions can be drawn in this study:
1) Mw, Mn and PDI of the birch inner bark-derived oil were lower than those of the
birch outer bark-derived oil. Correspondingly, Mw, Mn and PDI of the BPF resoles
with the inner bark-derived oil were lower than those of the BPF resoles with the
outer bark-derived oil;
2) The BPF resoles and BPF foams had very similar chemical structures as that of the
conventional PF resole and foam;
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3) The prepared BPF foams had satisfactory compressive strength, modulus of elasticity,
thermal conductivity, and cell structure. The 50% BPF foams showed higher
compressive strength and elastic modulus than the conventional PF foam or 25%
BPF foams, while the 25% BPF foams demonstrated better uniformity of cell
structure and lower density than the 50% BPF foams. The BPF foams using inner
bark-derived oil had lower thermal conductivity and more uniform cell structure than
the BPF foams using outer bark-derived oil.
4) Although bio-crude oils derived from both inner and outer bark of birch can be
utilized as bio-phenols for the synthesis of the BPF resoles/foams, the inner birch
bark-derived oil proved to be more suitable than the outer birch bark-derived oil for
the production of the low-density BPF foams with finer cell structure.
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Chapter 7

7

Thermal Decomposition Characteristics of Bio-based
Phenol Formaldehyde Foams

7.1 Introduction
Phenolic foam has attracted a great deal of interest, as it exhibits a high strength/weight
ratio, low thermal conductivity and exceptional flame-retardant properties [1]. It has been
used in diverse fields, such as civil construction, military aircraft and marine vessels [2,
3]. Thermal stability of phenolic foam is one of the most important properties, which is
defined by the specific temperature or temperature-time limit in which the material can
be used without excessive loss of properties [4]. One of the most common techniques for
the characterization of the thermal degradation process of polymers is thermal
gravimetric analysis, which includes differential and integral methods based on either a
single heating rate or multiple heating rates. It is believed that the multiple heating rates
method with a smaller experimental error gives more reliable results than the single
heating rate method [5].
Many efforts have been focused on the thermal stability and thermal decomposition
kinetics of conventional PF resins and bio-based PF resins [5-7]. The results indicated
that the addition of bio-materials, such as bark extractives and cellulose fibers, could
enhance the thermal stability of PF resins. For instance, the bark extractives-based PF
resin showed comparable thermal stability to a commercial PF resin [5]. However, very
limited research has been carried out on thermal decomposition characteristics of
phenolic foams. To the best of our knowledge, no studies have been conducted on the
thermal degradation analysis of BPF foams, such as thermal decomposition kinetics,
foam structure changes during the thermal degradation process, and analysis of evolved
gases. In our previous study, we had successfully prepared the BPF foams with low
thermal conductivity, satisfactory cell structure and mechanical properties, using biocrude oil derived from white birch bark by hydrothermal liquefaction. The objectives of
this study were to investigate the thermal degradation and thermal decomposition kinetics
of conventional PF and BPF foams, and analyze the evolved gases from the thermal
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degradation of the foams using a TGA/FTIR couple system. Structural transformations of
the foams at various temperatures were also investigated by FTIR.

7.2 Materials and methods
7.2.1 Materials
White birch bark used in this study was obtained from a local sawmill in Northwestern
Ontario, Canada. The bark consists of 38% cellulose, 28% hemicellulose and 34% lignin
after extraction [8]. The bark was separated to inner bark and outer bark, followed by air
drying, and then ground into particles of less than 20 mesh, and finally oven dried at
105 °C for 24 h before use. ACS reagent-grade ethanol (Fisher Scientific, Batescille, IN),
acetone (Fisher Scientific, Fair Lawn, NJ), solid phenol crystal (99%, J. T. Baker,
Phillipsburg, NJ), sodium hydroxide solution (ca 50%, Ricca Chemical Co., Arlington,
TX), formaldehyde (ca 37%, Anachemia, Montreal, QC), and acetic acid (ca 99.7%
Caledon Laboratory Chemicals) were purchased from Sigma-Aldrich. Surfactant:
polyetherpolysiloxane-copolymer (Tegostab B 8580); blowing agent: hexanes (ca 98.5%,
VWR International LLC); curing catalyst agent: p-toluenesulfonic acid (ca 98%, SigmaAldrich); catalyst modifier: glycerol (ca 99.5%, Caledon Laboratory Chemicals).

7.2.2 Preparation of bio-crude oils
The hydrothermal liquefaction of white birch barks (inner bark and outer bark) was
performed in a 500 mL stirred reactor. In a typical run, 25 g bark and 250 mL ethanolwater (50:50, v/v) mixed solvent were combined in a reactor, followed by three cycles of
evacuation-N2 purge for removing the residual air in the reactor. Then the reactor was
pressurized to 2.0 MPa using N2, followed by heating to 300 °C under constant stirring
and further keeping for 15 min at this temperature. The reaction conditions used in this
study were adopted from our previous study on bark liquefaction [9]. Then liquefaction
reaction was stopped by quenching the reactor in a water/ice bath. The liquid and solid
residues in the reactor were washed using acetone. The bark-derived oil was obtained
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through evaporation of filtrate and stored in the fridge for the preparation of foamable
BPF resole resins.

7.2.3 Synthesis of foamable BPF resole resins
The synthesis of foamable BPF resoles with two phenol substitution ratios (25 wt % and
50 wt %) using bio-crude oils from both inner and outer white birch barks were carried
out in a 1000 mL three-necked flask equipped with a thermometer and cooling condenser
in a water bath. The molar ratio of (phenol + bio-crude oil) to formaldehyde for the BPF
resoles synthesis was fixed at 1: 1.3. A conventional PF resole resin with the same P/F
molar ratio was also prepared as a reference. The resole synthesis procedure can be
described briefly as follows: 120 g bio-crude oil/ phenol, 30 g water and 10.2 g 50 wt.%
sodium hydroxide solution (0.1 mole phenolic feed) were combined in a flask and then
heated to 80 °C in 1 hour while continuously being stirred by a magnetic stirrer. Then
135 g formaldehyde (ca 37 wt.%) was added dropwise to the flask and the temperature of
the water bath was elevated to 86 °C. After 2 h reaction, the synthesized resoles were
cooled down in the water bath to 60 °C. The pH value of resoles was then adjusted to 5.56.5 via the addition of acetic acid. Finally, the resoles were concentrated using a rotary
evaporator under reduced pressure until the solid content of the resoles reached 70-85
wt.%.

7.2.4 Preparation of BPF and conventional PF foams
The formulation for the production of the PF and BPF foams involves two fractions.
Fraction -1 is a mixture of a surfactant, a blowing agent and a foamable resole resin. For
instance, to prepare Fraction-1 for a conventional PF foam, 1.2 g polyetherpolysiloxanecopolymer and 4.0 g hexanes were added into 40 g foamable PF resole in a paper cup,
stirred with a mechanical stirrer. To prepare Fraction-2, 5.6 g p-toluenesulfonic acid, 2.4
g distilled water and 2.0 g glycerol were mixed in a beaker. Subsequently, Fraction-2 was
blended with Fraction-1 by vigorous agitation for 30 seconds at the room temperature
before it was moved into a preheated oven at 60-80 °C for 30 min. The BPF foams at
various phenol substitution levels were prepared with the same formulation method for
the PF foam as described above, except that different amounts of p-toluenesulfonic acid
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were used for the BPF foams at different phenol substitution levels (i.e., 6.2 g for 25%
BPF foams and 6.8 g for with 50% BPF foams), due to the much lower reactivity of the
BPF resole resins compared to that of the PF resin.

7.2.5 TGA tests
Before TGA tests, all BPF and PF foams were dried in an oven at 125 °C for 105 min.
The foam samples were then ground into fine powders and then tested in a TGA
(PerkinElmer). In each run, 5 mg sample was added in a platinum pan and heated from
the room temperature to 700 °C at a heating rate of 10 °C/min under nitrogen atmosphere.

7.2.6 Kinetic analysis
The kinetic parameters for the thermal degradation process of the PF and BPF foams
were obtained using a multiple heating rate method. Each foam sample was heated from
room temperature to 700 °C at different heating rates of 5, 10, 20, and 30 °C /min under
nitrogen atmosphere, respectively. The degradation kinetic parameters were calculated
from the following Kissinger equation:
ln(⁄𝑇𝑃2 ) = ln(𝐴𝑅 ⁄𝐸 ) − 𝐸 ⁄𝑅𝑇𝑃

(1)

Where  is the heating rate (°C/min); Tp (K) is the peak temperature obtained from the
derivative thermal degradation (DTG) curves; R is the gas constant; E (KJ/mol) is the
activation energy calculated from the slop of the linear plots of ln (/ Tp2) versus -1/Tp.

7.2.7 TGA-FTIR analysis
A TGA-FTIR coupled system was used for the analysis of the gases evolved from the
thermal degradation of the foams. The TGA-FTIR coupled system consists of a TGA
(Pyris 1 TGA, Perkin Elmer) and a Frontier Infrared Spectrometer (Frontier FTIR, Perkin
Elmer). TGA and FTIR were connected with a TL 8000 transfer line for on-line
transferring the gases evolved from the furnace of TGA to the FTIR with a nitrogen flow
rate of 20 mL/min. The coupled system continuously monitored the weight change of the
tested foam sample, as well as the gas evolution vs. temperature. FTIR spectra in the
region of 4000-550 cm-1 with a resolution of 4 cm-1 were acquired continuously at a
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temperature interval of 1 °C. To be exact, in a typical run of the TGA-FTIR analysis, 5
mg ground foam sample was loaded into the TGA, and then the sample was heated from
room temperature to 700 °C under nitrogen atmosphere at 10 °C /min. The transfer line
and the FTIR cell equipped with a wide band Mercory Cadmiun Telluride detector were
both preheated to 300 °C, and then the pump was switched on. After that, the FTIR gas
cell was added with liquid nitrogen to concentrate the gaseous volatiles for on-line FTIR
detection.

7.2.8 FTIR analysis of solid residues
The solid residues of the foam samples after decomposition at different temperatures of
250 °C, 350 °C, 450 °C, 550 °C, 700 °C were collected and analyzed using FTIR with a
wavenumber range of 4000-550 cm-1.

7.3 Results and discussion
7.3.1 Thermal stability of PF and BPF foams
Thermal stability of the BPF and PF foams was investigated by TGA. Figure 7-1
illustrates the thermogravimetry (TG)-differential thermogravimetry (DTG) results of the
BPF and PF foams at the temperatures ranging from 50 to 700 °C. It can be clearly seen
that the thermal degradation curves of the BPF foams are lower than that of the PF foam,
especially when the temperature is above 200 °C. For instance, it can be found that the
mass residue value of the BPF foam decreases with increasing phenol substitution ratio
after the temperature of 200 °C, suggesting that the introduction of bio-crude oil into the
BPF foam reduces its thermal stability at above 200 °C. More specifically, the mass
residue of the PF foam at 700 °C is 64.6%, while it dropped to 58.1%, 47.4%, 56.4%, and
48.4% for 25% and 50% BPF foams-inner bark, and 25% and 50% BPF foams-outer bark,
respectively. The main reason for the decreased mass residue in the BPF foams might be
due to the loss of numerous side chains in the bio-crude oil upon heating the BPF foams
[10].
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In addition, all foams are thermally degraded mainly in two temperature regions of 200350 °C and 400-550 °C. The first temperature region is probably due to the removal of
terminal groups and further cross-linking/condensation reactions of the resin [11], while
the degradation at the second temperature region can be attributed to the decomposition
of bridged methylene and the further degradation of phenols to carbonaceous structures
as well as the formation of small and volatile molecules, such as CO, CO2 [5, 12].
Moreover, the BPF foams-inner bark and BPF foams-outer bark at the same phenol
substitution level exhibit both similar TG and DTG profiles and similar mass residues at
700 °C, although the outer bark of white birch contains extractives (rich in betulin) three
times higher than the inner bark [13].

Figure 7-1 TG and DTG profiles of BPF and PF foams
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7.3.2 Thermal decomposition kinetics

Figure 7-2 TG Curves of 50% BPF foam-inner bark heated at 5, 10, 20, 30 °C /min

As an example, Figure 7-2 shows TG curves of the 50% BPF foam-inner bark obtained at
different heating rates (5, 10, 20 and 30 °C/min). The TG curves shift to higher
temperatures with the increase of the heating rate.
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Table 7-1 Thermal decomposition kinetic parameters of PF and BPF foams
Type of

β

TP1

TP2

EP1

EP2

foams

(°C/min)

(°C)

(°C)

(kJ/mol)

(kJ/mol)

5

240.5

448.0

10

252.8

470.6

106.4

173.4

20

262.3

478.8

(0.94)

(0.94)

30

277.8

493.8

5

247.6

463.4

10

252.4

480.3

98.11

216.2

20

268.4

497.3

(0.83)

(0.99)

30

287.3

511.3

5

244.3

457.7

10

259.2

475.5

109.7

221.8

20

265.4

481.0

(0.91)

(0.92)

30

281.4

494.7

5

248.4

485.8

10

263.6

504.0

107.3

233.9

20

276.8

512.5

(0.99)

(0.96)

30

286.0

523.4

5

252.6

473.4

10

266.3

486.4

125.8

291.6

20

277.6

501.9

(0.99)

(0.98)

30

285.3

515.1

PF foam

25% BPF
foam-inner
bark

25% BPF
foam-outer
bark

50% BPF
foam-inner
bark

50% BPF
foam-outer
bark

The activation energies for the thermal degradation of the PF and BPF foams were
calculated by the Kissinger method by plotting ln (β/Tp2) versus -1/Tp, as shown in Table
7-1. The activation energies for the foam degradation at the lower-temperature peak
(Peak 1) are lower compared to those at the higher-temperature peak (Peak 2), indicating
that the removal of the terminal groups in the foams and their further crosslinking/condensation reactions around the lower-temperature degradation peak are easier
than the decomposition of bridged methylene and the further degradation of phenols to
carbonaceous structure in the higher-temperature peak region. In Peak 2, the activation
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energy for the BPF foam degradation increases with increasing the phenol substitution
level, which might be explained by the presence of less bridge methylene links (thermally
instable in this temperature region) in the foam at a higher phenol substitution ratio.
Therefore, the addition of bio-crude oil enhanced the thermal stability of the BPF foams
in the temperature region of Peak 2.
The BPF foams-outer bark exhibit higher degradation activation energies than both the
conventional PF foam and the BPF foams-inner bark at the same phenol substitution ratio
in both peaks, implying that the BPF foams-outer bark are more thermally stable than the
PF foam and the BPF foams-inner bark. This could be due to the more extractives in the
outer bark of white birch, three times higher than those in the inner bark [13]. Similar
results were reported in another study where the bark extractive-PF resin was found to
have higher activation energy than a commercial PF resin and a liquefied bark-PF resin
[5].

7.3.3 FTIR analysis of solid residue
Table 7-2 Infrared bands and peak assignment for the tested foams
Wavenumber (cm-1)

Peak assignments

3300-3500

Phenolic O-H stretch

2820-2926

Aliphatic C-H stretch

1715

Carbonyl groups

1603

Aromatic C-C stretch

1474

CH2 deformation

1445

Benzene ring

1360

Phenolic O-H in-plane deformation

1262

Biphenyl ether C-O stretch

1199, 1127

Alkyl-phenol C-O stretch

1036

Aromatic C-H in-plane deformation

1011

Aromatic linked CH3 rock and/or aromatic CH

882

Polysubstituted aromatic ring

813

CH2 out-of-plane ring deformation

685

CH2 out-of-plane ring deformation
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The structural changes of the PF and BPF foams after the thermal degradation at different
temperatures were tested by FTIR. FTIR peak assignments for the foams are displayed in
Table 7-2. Figure 7-3 shows the FTIR spectra of the degradation residues of the
conventional PF foam, 50% BPF foam-inner bark and 50% BPF foam-outer bark at
various temperatures. It can be noticed that the spectra of the BPF foams are very similar
to that of the conventional PF foam. All spectra and their intensity changes of the BPF
foams at different degradation temperature were also similar to those of the PF foam.
Thus, the BPF foams have a similar molecular structure as the conventional PF foam at
various temperatures. Specifically, at the temperature of 450 °C, the intensity of the OH
peak at 3300-3500 cm-1 as well as at 1360 cm-1 for all the tested foams decreases, likely
due to the condensation dehydration reactions and the formation of the new crosslinks,
involving the removal of either residual methylol groups or the phenolic hydroxyl groups
[5]. When the temperature is above 550 °C, the OH peak at 3300-3500 cm-1 disappears,
and the main structure of the foams transforms to poly-aromatic structures [6]. The
intensity of the peaks between 2820 and 2926 cm-1, attributed to the aliphatic C-H
asymmetric stretch, decreases with increasing the temperature, suggesting thermal
degradation of the foams [5]. Carbonyl group at 1715 cm-1 is observed in all BPF foams
below 450 °C, mainly due to the existence of acetic acid in the bio-crude oil, but its
intensity decreases with the increasing temperature, probably due to the decomposition of
the carbonyl group to form CO and CO2 gases, as evidenced later by the TGA-FTIR
results.
The intensity of peaks at 1445 cm-1 and 882 cm-1, attributed to poly-substituted aromatic
ring, increases with temperature, implying the occurrence of the carbonization process.
The intensity of the peak assigned to the methylene bridges at 1474 cm-1 decreases when
the temperature increases, suggesting the thermal decomposition of the foam network,
due to decomposition of the methylene bridges. Thus, the decomposition of methylene
bridges could be the main mechanism (reaction 4 in Figure 7-5) for thermal degradation
of the foams [6], rather than the oxidation reactions [14]. The peaks of alkyl-phenol C-O
stretching at 1199 cm-1 and 1127 cm-1 decrease with the rise of temperature. The peaks
become very weak at 550 °C and disappear when the temperature reaches 700 °C. At the
temperature of lower than 450 °C, the main structure of all the foams remains intact,
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while at above 550 °C, FTIR spectra of the foams change dramatically, due to the
collapse of polymer network to form poly-aromatic structure.
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Figure 7-3 FTIR spectra of solid residues of PF foam, 50% BPF foam-inner bark,
and 50% BPF foam-outer bark obtained at different thermal degradation
temperatures

7.3.4 TGA/FTIR analysis
To investigate the composition of the evolved volatiles from the thermal degradation of
the PF and BPF foams, the TGA-FTIR coupled system was employed for collecting 3D
infrared spectra of the evolution gases, including the information of infrared absorbance,
wavenumber and temperature. Figure 7-4 illustrates the IR spectra of the evolved
volatiles from the thermal degradation of the PF foam, BPF foam-inner bark and BPF
foam-outer bark (both at a phenol substitution ratio of 50 wt.%). It can be observed that
IR spectra of the evolved volatiles from the thermal degradation of the PF or BPF foam
follow similar trends to the weight loss (rate) of the foam vs. temperature determined by
TGA (DTG), as presented previously. For instance, the foam degradation mainly occurs
at two temperature ranges (200-350 °C and 400-700 °C).
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For the PF foam, in the low-temperature region (200-350 °C), low molecular weight
gaseous products, such as H2O, CH4, and CO2, were released, which could be identified
by their characteristic absorbance. For instance, the band at 4000-3400 cm-1 corresponds
to the stretching of O-H bonds, which is related to H2O release. The band at 3100-2800
cm-1 demonstrates the presence of CH4, and CO2 can be observed at the bands of 24002250 cm-1 and 780-600 cm-1 [15]. At the temperature of 350-400 °C, characteristic peaks
of CH4 disappear. With further increasing the temperature, especially when the
temperature was above 400 °C, the absorbance intensity of gaseous products started to
increase drastically again, and some new volatile species, e.g., CO at band of 2250-2000
cm-1 were detected. At 500-700 °C, the peaks in FTIR spectra of the gases become
stronger, suggesting a greater extent of foam decomposition into volatiles and solid char
at a higher temperature. Such results are consistent with the TGA results. Obviously, in
all spectra and all temperature ranges, CO2 is the dominant gas species released from
thermal degradation of either the PF or BPF foam. As well known, CO2 can be formed
through breakage of ether bridges at low temperatures and through dissociation of diaryl
ether at high temperatures [15].
Release of water is believed mainly from further condensation between orth-CH and the
residual methylol group on benzene ring of the phenolic resin at a low temperature
(reaction 1 in Figure 7-5), or phenol OH-OH condensation at around 300 °C to form
diphenyl ether linkages (reaction 2 in Figure 7-5), or the reaction between phenolic-OH
and methylene bridge at high temperatures of 300-500 °C (reaction 3) [16]. The evolution
of methane may be explained by (reactions 5-6), carbon dioxide and carbon monoxide are
likely formed through the oxidation of methylene link by hydroxyl radicals (selfgenerated from phenolic resin degradation) at high temperatures (reaction 7) [14].
Moreover, the absorbance of C-O stretch at 1086 cm-1 confirms the existence of
carboxylic acids, as illustrated by reaction 7.
The evolved volatiles of the BPF foam-inner bark and BPF foam-outer bark display
similar absorbance spectra as those of the conventional PF foam, implying that they have
similar chemical structure. Whereas, the evolved gases from the BPF foams exhibit
stronger characteristic peaks than those from the PF foam. For instance, the characteristic
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absorbance peaks at 4000-3400 cm-1 from thermal degradation of the two BPF foams are
stronger than those from the degradation of the PF foam, indicating more H2O was
evolved. The absorbance at 3100-2800 cm-1 in the IR spectra of the volatiles from the
BPF foam at 400 °C and 700 °C is also stronger than that of the PF foam, suggesting that
more CH4 was evolved from the BPF foam at these temperatures. This could be also
caused by decomposition of methoxyl group into CH4 (reaction 8); there are a large
number of IR absorbance peaks of stronger intensity at 2000-1000 cm-1, ascribed to the
evolution of phenols, furans, ketones, and aldehydes, etc. [15], in the spectra of gases
from the BPF foam degradation compared to those from the degradation of the PF foam.
All these differences in the spectra of gases evolving from thermal degradation of the
BPF foams and the conventional PF foam could be explained by chemical structure of
bio-crude oil, rich in side chains and furan/aromatic-ring structure originated from
cellulose, hemicellulose and lignin.
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Figure 7-4 3D-FTIR spectra of the evolved gases during thermal degradation of PF
foam, BPF foam-inner bark and BPF foam-outer bark, respectively
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Figure 7-5 Possible reactions in thermal degradation process of PF and BPF foams

7.4 Conclusions
1) Both the conventional PF foam and BPF foams thermally degraded in two main
temperature regions of 200-350 °C and 400-550 °C.
2) Inclusion of bio-crude oil in the BPF foam resulted in reduced mass residue at a
high temperature, but increased apparent activation energy of the thermal
degradation reaction for the foam. The values of the activation energy for all
foams generally followed the order of 50% BPF foam-outer bark > 50% BPF
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foam-inner bark > 25% BPF foam-outer bark > 25% BPF foam-inner bark >
conventional PF foam.
3) FTIR analysis of solid residues of all foams demonstrated that the functional
groups in the BPF foams are similar to those of the PF foam. Polymer network
structure of all foams remained intact at temperatures below 450 °C, while at
above 550 °C collapse of polymer network was observed forming poly-aromatic
structure.
4) Gaseous products released during thermal degradation of the PF or BPF foams
were mainly H2O, CH4, CO and CO2.
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Chapter 8

8

Effects of Surfactants on Properties of Bio-based
Phenol Formaldehyde Foams

8.1 Introduction
Insulation materials have been utilized widely in many areas, such as civil construction,
military aircraft and marine manufacturing [1]. Phenolic foam, one type of the insulation
materials, has attracted much attention, because of its outstanding properties, such as a
high strength-to-weight ratio, low thermal conductivity, excellent chemical-resistance,
and its exceptional flame-retardant properties, including but not limited to, low
flammability with no dripping during combustion, low smoke and toxicity (FST) [2, 3].
However, petroleum-based phenol is one of the main raw materials for the production of
phenolic foam, which brings concerns of environment and sustainability on the earth.
Therefore, it is of great significance to develop a phenol substitute from the alternative
resources. The abundant and inexpensive lignocellulosic biomass, which contains 20-30%
lignin [4], has been considered to be a potential substitute for phenol, due to its phenolic
structures (the main units, guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)) [5].
Several successful trials were reported for the phenolic foam production, using
lignocellulosic biomass as a phenol substitute. For example, pine bark tannin rigid foams
prepared without formaldehyde exhibited a better elastic behavior and insulation
performance than those with formaldehyde [6]. Phenolated wood-based BPF foams
produced had satisfactory densities and compressive properties [7]. Also, a BPF foam
was successfully produced with oxidatively degraded lignin at a 30 wt.% phenol
replacement [8]. Similarly, a BPF foam with phenolated lignosulfonate at a 20 wt.%
phenol replacement showed 8-fold and 6-fold increase in the modulus and compressive
strength, respectively, when compared with a conventional PF foam. That was probably
attributed to highly branched structure of the lignosulfonate [9].
A BPF foam was generally prepared through mixing a blowing agent, a surfactant, a
curing catalyst with the synthesized foamable BPF resin. During the foaming process, the
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surfactant has a tremendous impact on the foam formation, as it can regulate cell
structure and pore size of the foam. The main roles of the surfactant are to lower surface
tension, and to provide an interface between a highly polar foamable resole resin and a
non-polar blowing agent during the foaming process until the gelation of the resin matrix
occurs [10]. For the best results, the preferred surfactants are water soluble, acid stable
and non-hydrolyzable [11]. Common surfactants used for the phenolic foam production
include siloxane-oxyalkylene copolymers, “Tween” series, and “DC-193”. The silicone
surfactant has been used widely in the manufacture of plastic foams [12], such as
polyurethane foam and phenolic foam, because it helps bubble formation and
stabilization during the foaming process [13]. It generally consists of a permethylated
silicone hydrophobic group (polydimethylsiloxane) connected to one or more polar
groups. It typically employed at the concentration of 0.5-5% by weight of the foamable
resins [14]. Too little surfactant fails to stabilize the foam, while too much surfactant is
not only wasteful, but also may lead to a larger cell structure by cell coalescence, causing
collapse of the foam structure [11].
In the previous study, we have studied the effect of blowing agents and phenol
substitution ratios on the properties of the BPF foams. Therefore, in this study, we mainly
focused on the effect of surfactants on the properties of the BPF foams. Three surfactants
(silicone surfactant, Tween 80, and sodium dodecylbenzenesulfonate [15, 16]) and their
mixture were used to prepare the BPF foams at a 50 wt.% phenol substitution ratio. Then
the effect of the silicone surfactant concentration on the performances of the BPF foams
was analyzed in terms of foam apparent density, morphology, mechanical and thermal
properties.

8.2 Experimental
8.2.1 Materials
The raw materials used in the synthesis of the foamable BPF resoles included: kraft lignin
(KL, supplied from FPInnovations, with a weight-average molecular weight Mw~10,000
g/mol); solid phenol crystal (99%, J. T. Baker, Phillipsburg, NJ), sodium hydroxide
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solution (ca 50%, Ricca Chemical Co., Arlington, TX), formaldehyde (ca 37%,
Anachemia, Montreal, QC), and acetic acid (ca 99.7% Caledon Laboratory Chemicals).
In the foaming process, three surfactants used were polyetherpolysiloxane-copolymer
(silicone surfactant, Tegostab B 8580); Polyethylene glycol sorbitan monooleate (Tween
80, Sigma-Aldrich); sodium dodecylbenzenesulfonate (technical grade, Sigma-Aldrich).
The blowing agent was pentane (ca 98%, Caledon Laboratory Chemicals) or hexanes (ca
98.5%, VWR International LLC). The curing catalyst was p-toluenesulfonic acid (ca 98%,
Sigma-Aldrich) and the catalyst modifier was glycerol (ca 99.5%, Caledon Laboratory
Chemicals).

8.2.2 Synthesis of foamable PF and BPF resins
The synthesis of the foamable BPF resole with 50 wt.% phenol substitution ratio using
KL was carried out in a 1000 mL three-necked flask reactor equipped with a thermometer,
addition funnel, cooling condenser, and water bath with a magnetic stirrer. The molar
ratio of (phenol+KL) to formaldehyde for the foamable BPF resoles synthesis was 1: 1.
In a detailed description, 100 g phenol, 100 g KL, 50 g water, and 18 g 50 wt.% sodium
hydroxide solution were combined in a flask and then heated to 86 °C for half an hour
while continuously being stirred by a magnetic stirrer. Next, 173 g formaldehyde (ca 37%)
was added dropwise to the flask. After 2 h reaction, the synthesized resoles were cooled
in a water bath to 60 °C. The pH of the resole was then adjusted to 5.5-6.5 via the
addition of acetic acid. A conventional PF resin with the P/F molar ratio was 1: 1.8
prepared as a reference sample. However, the PF resole was needed to be concentrated
using a vacuum rotary evaporator under reduced pressure until the solid content of the
resin reached approximately 70-85%. Table 8-1 shows the typical foamable PF and BPF
resin formulations.

143

Table 8-1 Typical foamable PF and BPF resin formulations
Resins

PF resole

50% BPF resole a

a

Ingredients

Weights (g)

Phenol

200

Formaldehyde (ca 37%)

312

Sodium hydroxide (ca 50%)

18

KL

100

Phenol

100

Formaldehyde (ca 37%)

173

Sodium hydroxide (ca 50%)

18

50% BPF resole means BPF resole at a 50 wt.% phenol substitution ratio

8.2.3 Preparation of PF and BPF foams
The formula for the PF and BPF foams preparation involves two fractions. Fraction-1 is a
mixture of a surfactant, a blowing agent, and a foamable resin. For instance, to prepare
fraction-1 for a conventional PF foam, 1.2 g surfactant and 4 g blowing agent were added
into 40 g foamable PF resole in a paper cup, followed by mechanical stirring. To prepare
Fraction-2, 5.6 g curing catalyst, 2.4 g distilled water and 2 g curing additive were mixed
in a beaker. Subsequently, Fraction-2 was blended with Fraction-1 under vigorous
agitation for 60 seconds at room temperature, then the blend was heated at 70 °C in oven
for 30 min. The BPF foams with different surfactants were prepared in the similar
formula, as shown in Table 8-2.
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Table 8-2 PF and BPF foam formulations
50% BPF

Resin

Pentane

Hexanes

Silicone

Tween-

Sodium

foam

(g)

(g)

(g)

surfactant

80 (g)

dodecylbenzen-

(g)

esulfonate (g)

BPF-S-3%

40

5

5

1.2

Foamed

BPF-T-3%

40

5

5

BPF-SD-3%

40

5

5

BPF-Mix-1

40

5

5

1.2

BPF-Mix-2

40

5

5

1.2

BPF-S-6%

40

5

5

2.4

Foamed

BPF-S-9%

40

5

5

3.6

Foamed

BPF-S-12%

40

5

5

4.8

Foamed

BPF-S-15%

40

5

5

6.0

Foamed

BPF-S-18%

40

5

5

7.2

Foamed

BPF-S-25%

40

5

5

10

Foamed

PF-S-3%

40

5

5

1.2

Foamed

PF-S-6%

40

5

5

2.4

Foamed

PF-S-9%

40

5

5

3.6

Foamed

PF-S-12%

40

5

5

4.8

Foamed

PF-S-15%

40

5

5

6.0

Foamed

PF-S-18%

40

5

5

7.2

Foamed

PF-S-25%

40

5

5

10

Foamed

1.2

Foamed
1.2

0.6

Unfoamed
Foamed

0.6

Foamed

8.2.4 Characterization of foamable PF and BPF resole resins
The pH values of all resins were tested using a pH meter (SympHony, H10P, VWR). The
viscosities of all resoles were measured at 60 °C on a Brookfield CAP 2000+ viscometer
(Brookfield Engineering Laboratories, Middleboro, MA). The solid contents (nonvolatile
contents) of the resins were determined at 125 °C for 105 min according to ASTM D
4426-01. The molecular weights and their distributions of the foamable resoles were
measured on a Waters Breeze gel permeation chromatograph (1525 binary HPLC pump;
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UV detector at 270 nm; Waters Styrange HR1 column at 40 °C), using THF as the eluant
at a flowing rate of 1 ml/min. Polystyrene was used to obtain the calibration curve for the
GPC measurements.

8.2.5 Characterization of PF and BPF foams
The apparent densities of all foams were determined in accordance to ASTM D1622. The
samples were cut in cubic specimens using a cutting saw. A minimum of three specimens
were tested. The thermal conductivities of the foams were measured by KD2 Pro Thermal
Properties Analyzer at room temperature. Three specimens were tested in each type of
samples. The compressive strengths of the foams were measured on a universal testing
machine according to ASTM D1621. The same specimens were tested between stainless
steel plates and the strain rate was fixed at 2.5 mm/min-1. The elastic moduli of the foams
were calculated as the slope of the curve. A minimum of three specimens with the
dimension of 30×30×25.4 mm3 were tested. The morphologies of the foams were
observed by a Zeiss 1540XB FIB-SEM.

8.3 Results and discussion
8.3.1 Characterization of foamable BPF and PF resins
The pH values, viscosities, and solid contents of the foamable BPF and PF resins are
shown in Table 8-3. It can be seen clearly that the pH values of all resoles are very
similar within a narrow range of 5.78-5.98 since acetic acid was added in the synthesized
resole after cooling down the temperature of resoles to below 60 °C. However, the solid
contents of the resoles exhibit a big difference, showing 80.34 wt.% and 62.12 wt.% for
the PF and BPF resole, respectively. Although the ideal solid contents of a foamable
phenolic resole for the foam production are considered to be controlled between 70 wt.%
and 85 wt.%, as recommended in the literature [17], a lower solid content would be
preferred in this study for the 50% BPF resole. The reason is that the 50% BPF resin has
a high average molecular weight, which would make the foamable resin have extremely
high viscosity if the solid content is kept the same as the PF resole, leading to the

146

handling problem. Therefore, the solid content should be kept low to avoid high viscosity.
In spite of that, it is still clear to see that the viscosity of the resins increased from 1.29 P
for the PF resole to 1.83 P for the 50% BPF resole at 60 °C.

Table 8-3 pH values, viscosities, and solid contents of all resole resins
a

Viscosity a

Solid content a

(P, at 60 °C)

(wt.%)

Resole

pH value

PF

5.98±0.03

1.29±0.08

50% BPF

5.78±0.04

1.83±0.18

a

Mw (g/mol)

Mn (g/mol)

80.34±0.89

1220

310

62.12±1.65

8680

820

Each value represents an average of three samples.

The molecular weights of the BPF and PF resoles after acetylation (to make them soluble
in THF) were analyzed by GPC, as shown in Table 8-3. The foamable PF resole has the
lower average molecular weights, with a number-average molecular weight (Mn) of 310
g/mol, weight-average molecular weight (Mw) of 1220 g/mol, compared with the
foamable BPF resole resin with Mn of 820 g/mol and Mw of 8680 g/mol, apparently due
to the presence of the larger molecular weight of KL and its broader molecular weight
distribution compared to those of petroleum-based phenol [18].

8.3.2 Effects of different surfactants on properties of BPF foams
Three different surfactants in this study were chosen for the BPF foam production,
including silicone surfactant, Tween-80, and sodium dodecylbenzenesulfonate. From the
representative foam pictures and SEM photos in Figure 8-1, we can see clearly that the
foams of BPF-S-1.2 and BPF-Mix-1 show a relatively smaller and more uniform cell
structure, compared with the foams of BPF-T-1.2, BPF-SD-1.2 and BPF-Mix-2. That
demonstrated that the silicone surfactant and the mixture of silicone surfactant and
Tween-80 are better than other surfactants for the foam formation during the foaming
process of the 50% BPF foam.
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Figure 8-1 Representative pictures and SEM of 50% BPF foams using different
surfactants

However, we can see from Table 4 that the addition of Tween-80 in the foam of BPFMix-1 made it having higher density of 45.42 kg/m3 than the foam of BPF-S-1.2 with the
density of 32 kg/m3, although the former has higher compressive strength, which is due to
the fact that mechanical strength properties of foams are generally proportional to the
foam density [2]. The thermal conductivity of the foam of BPF-S-1.2 is lower than that of
the foam of BPF-Mix-1, showing 0.031 W/m/k and 0.035 W/m/k, respectively. This
study was mainly focusing on the production of BPF foams with low density, acceptable
compressive strength, low thermal conductivity and satisfactory cell structure. Therefore,
the foam of BPF-S-1.2 was considered as a better insulation foam material than others,
which indicated that silicone surfactant is the most effective surfactant for the BPF foam
formation compared with other surfactants.
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Table 8-4 Densities, compressive strengths and thermal conductivities of BPF foams
a

3

Compressive strength

Thermal conductivity a

at 10% strain a (MPa)

(W/m/k)

Foam sample

Density (kg/m )

BPF-S-1.2

32.0±0.07

0.063±0.002

0.031±0.002

BPF-T-1.2

40.69±2.51

0.107±0.011

0.039±0.003

BPF-Mix-1

45.42±1.91

0.121±0.014

0.035±0.008

BPF-Mix-2

175.01±3.21

0.142±0.033

0.050±0.003

a

Each value represents an average of three samples

8.3.3 Effects of silicone surfactant concentration on properties of BPF
and PF foams
8.3.3.1

Effects of silicone surfactant on densities of BPF and PF
foams

Figure 8-2 Effects of silicone surfactant on densities of BPF and PF foams
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Density plays a vital role to control the mechanical and thermal properties of foam
materials [19]. Figure 8-2 shows the effect of the silicone surfactant concentration on the
densities of the BPF and PF foams. The curves of the BPF and PF foams display a similar
increasing trend with the increasing silicone surfactant concentrations from 3% to 25%.
Specifically, with the increasing silicone surfactant concentration, the PF foam density
increases slightly from 24.25 kg/m3 at 3% to 28.36 kg/m3 at 9%, followed by a decrease
to 26.89 kg/m3 at 12%. After that, the foam density experiences a dramatic rise to 36.92
kg/m3 at the silicone surfactant concentration of 25%. For the BPF foam, the foam
density remains relatively stable around 32 kg/m3 compared to that of the PF foam at the
same silicone concentration of 3-12%. Then there is a gradual increase of the foam
density until it reaches 38.13 kg/m3 at 25%. It is clear to see that the densities of all BPF
foams are bigger than that of the PF foams, which is mainly because of the higher
viscosity of the BPF resin compared with the PF resin, caused by its larger molecular
weight [20]. Moreover, the reactivity of the BPF resin is lower than that of the PF resin,
as lignin has less quantities of reactive para- and ortho-positions to the OH of benzene
ring than petroleum-based phenol, which causes insufficient heat produced during the
resin curing process under the acidic condition. Thus, the gas derived from blowing agent
was harder to evaporate under both higher viscosity and less heat in the BPF resin
compared with the PF resin, contributing to relatively higher foam density.

8.3.3.2

Effects of silicone surfactant on thermal conductivities of
BPF and PF foams
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Figure 8-3 Effects of silicone surfactant on thermal conductivities of BPF and PF
foams

Thermal insulation materials have attracted much attention for the improvement of heat
pollution, such as global warming and energy shortage [21]. Thermal conductivity is a
significant property of thermal insulation materials [22]. As shown in Figure 8-3, all PF
and BPF foams exhibit a thermal conductivity of 0.030-0.039 W/m/k and the value has a
similar variation trend as the foam density with the increasing silicone surfactant
concentration. To be exact, the thermal conductivity of the PF foam is 0.030 W/m/k at 3%
silicone surfactant concentration and then it increases to around 0.032 W/m/k around 9%.
After that, the value drops to approximately 0.31 W/m/k at 12% before it reaches 0.036
W/m/k at 25%. The thermal conductivity of the BPF foam shows a similar increasing
trend as the PF foam. It rises gradually from around 0.031 W/m/k at 3% to 0.037 W/m/k
at 25% except for a drop happening at 12% with the value of 0.031 W/m/k. The increase
of the thermal conductivity of the foams with the rise of silicone surfactant
concentrations is mainly caused by the increased foam density and pore size [2].

151

8.3.3.3

Effects of silicone surfactant on compressive strengths of
BPF and PF foams

Figure 8-4 Effects of silicone surfactant on compressive strengths of BPF and PF
foams

The application of phenolic foams depends to a great extent on their mechanical
properties. Figure 8-4 shows the effects of the silicone surfactant concentration on the
compressive strengths at 10% strain. It can be seen that the compressive strengths of the
BPF foams are generally higher than that of the PF foams, which is mainly caused by the
higher foam density of the BPF foams compared to that of the PF foams, as shown in
Figure 8-2, because mechanical strength properties are generally proportional to the foam
density [2]. Another possible reason could be that the alkyl side chain with linear
structure in KL would contribute to the toughness of the BPF foams [9]. More
specifically, the PF foam experiences an ascending trend from approximately 49 KPa at 3%
silicone surfactant concentration to 90 KPa at 18 % and then the value drops slightly
around 81 KPa at 25%. The similar variation trend about the effect of the silicone
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surfactant concentration on the mechanical property of the PF foam between the
surfactant concentration of 5% and 10 % can be found in the previous study [23]. The
compressive strengths of the BPF foams display an obvious increase stage and a decrease
stage. The increase stage is starting from 63 KPa at the silicone surfactant concentration
of 3 % to 128 KPa at 12%, followed by a dramatic decrease to the value of 69 KPa at
25%. That indicated that the introduction of 12% silicone surfactant concentration in the
BPF resole makes the BPF foam having the best compressive strength. There are two
potential phenomena involved in these two stages, including Marangoni effect and Gibbs
effect. If only limited amount of silicone surfactant is present in the resole, Marangoni
effect would dominate, which makes the membrane having restoration function through
dragging the underlying layers liquid into surface [2]. However, if silicone surfactant
amount is too much, Gibbs effect would predominate to replenish the surfactant at the
membrane surface during foaming, which is not self-healing, leading to membrane
rupture and even foam collapse [2]. As the minimum compression strength of 0.1 MPa is
generally recommended for closed cell foam [24], silicone surfactant concentration
around 12 % was preferred for the 50% BPF foam production in terms of the property of
compressive strength.
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Figure 8-5 Typical stress-strain characteristics of BPF foams

Figure 8-5 shows the stress-strain characteristics of the BPF foams. We can see clearly
that all the stresses of the BPF foams increase dramatically from 0 to 10% strain,
followed by a stable value until around 70% strain, and then rise remarkably to
approximately 85% strain. It can be found that an increase in the silicone surfactant
concentration before 12% corresponds to a higher curve of the compressive strength as a
function of percentage strain, indicating that the foam becomes more rigid as well as
higher elastic modulus. After the silicone surfactant concentration of 12%, the curves
become lower with the increasing surfactant concentration.

8.3.3.4

Effects of silicone surfactant concentration on
morphologies of BPF foams
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Figure 8-6 Effects of silicone surfactant on morphologies of BPF foams

Representative samples and SEM pictures of the BPF and PF foams are shown in Figure
8-6. The foam with the red color is the conventional PF foam, while the foams showing
the dark brown color are the 50% BPF foams with different silicone surfactant
concentrations from 3% to 25%. We can see that all foams display small and uniform
pore sizes at the surface in the foam sample pictures, while there are more open cells
appearing in the PF foam with 12% silicone surfactant concentration, which is probably
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due to the fact that Gibbs effect predominated to replenish the surfactant at the membrane
surface during foaming, leading to membrane rupture and formation of open cells in the
foam. From SEM pictures, it is clear to see that most cells in the BPF foams are closed,
but there are still some perforations, which could be caused by water present in certain
parts of the foamable phenolic resole composition [25]. Also, ruptures or debris can be
observed in all foams, which are mainly due to the cutting issue in the specimen
preparation. The BPF foam-S-12% displays a relatively smaller and more uniform
average pore size (509 μm, shown in Figure 8-7) than other BPF foams, which is also the
reason why the BPF foam-S-12% has the best compressive strength. After the silicone
concentration of 12%, the cell structure in the BPF foams starts to become bigger,
because Gibbs effect begins to dominate in the foaming process instead of Marangoni
effect that predominates in the foam formation at the silicone surfactant concentration of
less than 12%.

Figure 8-7 Effects of silicone surfactant on average pore diameter of BPF foams
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8.4 Conclusions
1) Three surfactants were used for 50% BPF foam production using industrial kraft
lignin as a phenol substitute without any pretreatments. The silicone surfactant was
found to be the most effective for the BPF foam formation.
2) The effects of the silicone surfactant concentration on the properties of the BPF
foams were investigated. The results indicated that 12 wt.% silicone surfactant
concentration is the best for the production of 50% BPF foam. When the silicone
concentration was below 12 wt.%, the Marangoni effect during foaming process
predominated, while when the silicone concentration was above 12 wt.%, the Gibbs
effect dominated.
3) The BPF foam produced with 12 wt.% silicone surfactant concentration had low
density (32 kg/m3), excellent compressive strength (128 KPa), low thermal
conductivity (0.031 W/m/k), satisfactory cell structure and size (509 μm).
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Chapter 9

9

Conclusions and Recommendations for Future Work

9.1 Conclusions
This work aimed at developing a new foaming technology for the production of biobased phenol formaldehyde (BPF) foams using original organosolv lignin (OL) or kraft
lignin (KL) without pretreatments or de-polymerized hydrolysis lignin (DHL) or barkderived oil at high phenol substitution ratios. The manufacturing processes of the BPF
foams, including the resole synthesis and foam production, are suitable for industrial
production, especially when using KL and OL as phenol substitutes, because they involve
simple operations without the need of pretreating OL or KL. The infrastructure of the
existing PF resin/foam plants can be utilized, hence it does not require high capital costs.
The substitution of phenol using lignin in the preparation of foamable PF resins reduces
not only the use of costly phenol, but also the use of formaldehyde by up to 50%. Thus,
the utilization of lignin for manufacturing of value-added bio-based materials could not
only produce high-value bio-based PF foams as promising insulation and fire-retarding
materials, but also greatly benefit the forestry and agriculture sectors with additional
revenue. Based on the research results from the whole thesis work, the following
conclusions can be drawn:
1.

The BPF foams produced using KL exhibited comparable thermal stability to the
conventional PF foam at temperatures of less than 200 °C, suggesting their suitability
in many applications as insulation materials (normally at < 200 °C). The foams with
small and uniform closed-cell structure are preferable, together with a lower density,
lower thermal conductivity, and excellent compressive strength. Thus, the optimal
compositions of the blowing agents were found to be (5 wt.% hexanes + 5 wt.%
pentane) for the 50% BPF foam, (7.5 wt.% hexanes + 2.5 wt.% pentane) for the 40%
BPF foam, 10 wt.% hexanes for the 30% BPF foam. The cone calorimeter and LOI
tests suggested that substituting phenol with KL does not impact significantly on the
combustion properties of the PF foam. The introduction of KL in the BPF foams
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could reduce the emission of toxic CO during the combustion compared with the PF
foam.
2.

The BPF foams with organosolv lignin (OL) substituting up to 50% of phenol were
produced successfully. FTIR measurements indicated that the foamable BPF resoles
and foams have similar molecular structures as the conventional PF resole and foam.
The BPF foams with satisfactory closed cell structure had a slightly higher density
(51-67 kg/m3), similar thermal conductivity (0.034-0.038 W/m/k), higher
compressive strength (0.23-0.27 MPa) and modulus of elasticity (3.76-5.02 Mpa)
than the conventional PF foam. The BPF foams exhibited comparable thermal
resistance to the conventional PF foam. The final carbon residue of the 50% BPF
foam at 700 °C (59% carbon residue) was just approximately 4% less than that of the
PF foam (63.4%). Thus, the BPF foams demonstrated comparable thermal stability to
the conventional PF foam at all temperatures, suggesting their suitability in many
applications as insulation materials for a wide range of temperatures. The BPF foams
displayed closed cell structure similar to the conventional PF foam. The 30% BPF
foam had a cell size of 432.1-501.3 μm, while the 50% BPF foam displayed a cell
size of around 250 μm.

3.

Bio-based phenol formaldehyde (BPF) foams were successfully prepared by
substituting phenol up to 50 wt.% with depolymerized hydrolysis lignin (DHL).
Physical, mechanical, thermal and morphological properties of all foams were found
to be strongly dependent on the phenol substitution ratio. FTIR measurements indicated
that the foamable BPF resoles and BPF foams have structures very similar to the
conventional PF resole and foam. The prepared 30% BPF foam had similar apparent density
(40 kg/m3), compressive strength (0.152 MPa), elastic modulus (2.16 MPa) and thermal
conductivity (0.033 W/m/k) with the PF foam. However, 50% BPF foam exhibited higher
apparent density (108 kg/m3), higher compressive strength (0.405 MPa) and elastic modulus
(7.56 MPa) than the PF foam, Thus, the 30% BPF foam can be used as lightweight insulation
materials, while the 50% BPF foam has the potential for load-bearing applications. Both 30%
and 50% BPF foams had excellent thermal stability at temperatures of up to 200 °C. The 30%
BPF foam displayed similar cell structure with the conventional PF foam, while the 50%
BPF foam contained both slightly bigger and smaller cells than the PF foam.
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4.

The bark-derived oils obtained through a hydrothermal liquefaction of inner/outer
white birch barks were successfully applied in the synthesis of the foamable BPF
resoles and foams at phenol substitution levels of up to 50 wt.% employing a new
foaming technology. Mw, Mn and PDI of the birch inner bark-derived oil were lower
than those of the birch outer bark-derived oil. Correspondingly, Mw, Mn and PDI of
the BPF resoles with the inner bark-derived oil were lower than those of the BPF
resoles with the outer bark-derived oil. The BPF resoles and BPF foams had very
similar chemical structures as that of the conventional PF resole and foam. The
prepared BPF foams had satisfactory compressive strength, modulus of elasticity,
thermal conductivity, and cell structure. The 50% BPF foams showed higher
compressive strength and elastic modulus than the conventional PF foam or 25%
BPF foams, while the 25% BPF foams demonstrated better uniformity of cell
structure and lower density than the 50% BPF foams. The BPF foams using inner
bark-derived oil had lower thermal conductivity and more uniform cell structure than
the BPF foams using outer bark-derived oil. Although bio-crude oils derived from
both inner and outer bark of birch can be utilized as bio-phenols for the synthesis of
the BPF resoles/foams, the inner birch bark-derived oil proved to be more suitable
than the outer birch bark-derived oil for the production of the low-density BPF foams
with finer cell structure.

5.

Both the conventional PF foam and BPF foams thermally degraded in two main
temperature regions of 200-350 °C and 400-550 °C. Inclusion of bio-crude oil in the
BPF foam resulted in reduced mass residue at a high temperature, but increased
apparent activation energy of the thermal degradation reaction for the foam. The
values of the activation energy for all foams generally followed the order of 50%
BPF foam-outer bark > 50% BPF foam-inner bark > 25% BPF foam-outer bark > 25%
BPF foam-inner bark > conventional PF foam. FTIR analysis of solid residues of all
foams demonstrated that the functional groups in the BPF foams were similar to
those of the PF foam. Polymer network structure of all foams remained intact at
temperatures below 450 °C, while at above 550 °C collapse of polymer network was
observed forming poly-aromatic structure. Gaseous products released during thermal
degradation of the PF or BPF foams were mainly H2O, CH4, CO and CO2.
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6.

Three surfactants were used for 50% BPF foam production using industrial KL as a
phenol substitute without any pretreatments. Silicone surfactant was found to be the
most effective for BPF foam formation. The effects of the silicone surfactant
concentration on the properties of the BPF foams were investigated. The results
indicated that 12 wt.% silicone surfactant concentration is the best for the production
of 50% BPF foam. When the silicone concentration was below 12 wt.%, the
Marangoni effect during foaming process predominated, while when the silicone
concentration was above 12 wt.%, the Gibbs effect dominated. The BPF foam
produced with 12 wt.% silicone surfactant concentration had low density (32 kg/m3),
excellent compressive strength (128 KPa), low thermal conductivity (0.031 W/m/k),
satisfactory cell structure and size (509 μm).

9.2 Recommendations for Future Work
(1) Chemical and physical modification
Although the BPF foams produced have the comparable properties to the
conventional PF foam, chemical and physical modification are still recommended
to enhance their fire resistance and mechanical properties to meet requirements of
some specific applications.
(2) Preparation of BPF foam composites
As this work was mainly focused on the production of BPF foam matrix, the foam
composite, a combination of the BPF foam and other materials, such as wood,
aluminum, and glass fibre, should be further studied. The effects of different
constituent materials on the properties of BPF foam composites should be
investigated.
(3) Production of bio-based floral foams
It would be interesting and of practical significance to produce bio-based open
cellular phenolic floral foam products. The conventional open cell PF foams have
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been used as supports for cut flowers in floral industry for many years, because
they have good water retention to make flowers survive as long as possible after
being stemmed or cut from the plant. Also, phenolic foams are easily to be
designed in different shapes, colors, and sizes because of its friability but strong
enough to support the flower stems, which makes floral foams versatile.
Therefore open cell phenolic foams have found many applications, such as
elaborating bouquets, wreaths, vases, and table top arrangements. At present,
there are no studies about bio-based open cell phenolic foams. This work had
produced the close-cell BPF foams with high phenol substitution ratios for
insulation and fire-retardant applications. Thus, there is high possibility to prepare
bio-based open cell PF foams as floral foams.
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